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PREFACE 


{ 

The  last  fifteen  years  have  been  marked  by  considerable  changes  in  aeronautical  materials  One  of  the  main  areas  of 
change  has  been  a  notable  lightening  of  the  structures  employed  m  aircraft  design,  thereby  increasing  specific  thrust,  of 
principal  concern  in  military  aeronautics,  for  both  aircraft  and  helicopters-  Reduction  in  weight  has  been  achieved  in  a 
number  of  ways;  mainly  through  the  increasing  use  of  polymer  matru  composites,  from  the  initial  small-scale  applications 
involving  mechanical  parts  with  a  low  critical  value  to  the  more  extensive  applications  in  wings,  as  demonstrated  with  current 
designs  for  combat  aircraft. 

c  Within  the  last  few  years,  in  response  to  the  development  of  the  polymer  matrix  materials,  the  maun  producers  of 
aluminium  alloys  have  once  again  taken  up  the  development  of  aluminium-lithium  alloys  in  order  to  exploit  their  advantages 
of  low  density  and  high  elastic  modulus.  In  fact,  these  alloys  had  been  known  about  for  some  thirty  years  but  major 
investment  was  required  for  their  development,  especially  in  production  technology.  JVork  ut  this  field  has  been  particularly 
dynamic  and  productive,  (n  less  than  a  decade,  a  fairly  low  level  of  understanding  of  rtr^frnlrl  hn  Hrn  transformed  into  the 
industrial  production  of  new  optimised  alloys,  (obtained  using  highly  specialised  casting  techniqucs)~.11fe  development  of 
associated  technologies  such  as  superplastic  forming  and  the  adoption  of  these  alloys  for  current  aircraft  design  projects 

A  great  many  meetings  have  been  held  on  aluminium-lithium  alloys  over  the  last  five  years,  but  the  AGARD  Specialists' 
Meeting  organised  in  Mierlo  in  October  1 988  came  at  a  particularly  opportune  moment.  For  the  first  time,  it  enabled  a 
comparison  to  be  made  between  existing  alloys  on  the  basis  of  research  and  characterization  studies.  These  studies  were 
mostly  carried  out  on  a  cooperative  basis  by  alloy  manufacturers  and  the  major  research  establishments  and  provided  a 
picture  of  the  industrial  developments  planned  by  the  aircraft  manufacturers. 

At  the  same  Meeting,  one  session  (out  of  five)  was  devoted  to  other  light  alloys.  A  number  of  materials  have  emerged 
concurrently  in  recent  years,  firstly,  the  aluminium  and  magnesium  base  alloys  produced  by  powder  metallurgy,  often 
involving  rapid  solidification  routes;  secondly,  particulate  composite  alloys  (often  produced  via  powder  metallurgy  routes) 
and  intended  for  similar  applications  to  the  first  group,  and  finally  long  fibre  composites  for  use  in  space-flight  structures  of 
high  dimensional  stability,  but  which  may  also  find  a  use  in  certain  aeroengine  parts  or  for  second  generation  supersonic  (and 
hypersonic)  transport  aircraft. 

Although  these  materials  have  not  yet  reached  such  an  advanced  stage  as  the  aluminium -lithium  alloys,  the  time  seemed 
right  to  make  a  comparison  of  these  developments  in  the  form  of  a  series  of  papers  given  by  independent  scientists, 
concluding  with  a  round  table  discussion  led  by  Doctors  G.Waldman  (USA).  CJ.  Feel  (UK)  and  K.  Schulte  (GE). 


Dr  P.Costa 

Chairman.  Subcommittee  on 
New  Light  Alloys. 
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PREFACE 


La  pcnode  de  quinze  ans  qui  s’acheve  a  etc  marquee  par  un  renou  vehement  considerable  do  matcnaux  aeronautiqucs 
L'une  des  lignes  de  force  de  cette  modification  est  rallegement  dcs  structures  qui  contnbuc  a  raugmcntation  dc  la  pousscc 
specifique,  preoccupation  centrale  de  I'aeronautique  militaire.  lant  pour  les  a v ions  que  pour  les  hclicoptcrev  Inverses 
solutions  sont  apparues:  application  tout  dabord  des  composites  a  matnce  polymere  a  dcs  panics  d'importancc  croissantc. 
elements  peu  critiques  sur  le  plan  mecanique  tout  d'abord,  puis  progrcssivcment  parties  dc  la  voilurc.  notammcnt  dans  lc> 
avions  de  combat  actuellement  en  cours  de  conception. 

A  quelques  annees  d’intervalle  et  en  concurrence  des  materiaux  precedents,  les  pnncipaux  producteurs  d’alliages 
d'aluminium  ont  repris  le  developpement  des  alliages  aluminium-lithium,  alliages  dc  densite  ct  dc  module  d  clasticitc  tres 
favorables.  Ces  alliages  etaient  connus  dcpuis  une  trcntaine  d 'annees.  mais  leur  misc  au  point  ct  plus  encore  leur  production 
exigeaient  des  mvestissements  importants.  Les  etudes  dans  ce  domaine  ont  ete  particuhcrcmcnl  actives  et  fructueuscs. 
puisque  I  on  a  su.  en  guere  plus  de  dix  ans.  parcourir  tout  le  trajet  separant  un  niveau  initial  de  connaissanccs  assc*  fmstc.  dc 
la  production  industrielle  d'alliages  nouveaux  optimises,  obtenus  par  dcs  technologies  dc  coulee  tres  particulicres.  du 
developpement  de  technologies  connexes  comme  le  formage  supcrptastiquc.  et  dc  linscrtion  dans  les  promts  en  cours  dc 
nouveaux  avions. 

De  nombreuses  reunions  se  sont  tenues  au  cours  des  cinq  demiercs  annees  sur  ce  theme.  La  Reunion  de  Specialises 
qui  s’est  tenu  dans  le  cadre  de  I’AGARD  a  Mierlo  en  octobre  1 988  est  intervenu  a  un  moment  tcnit  a  fait  opportun.  dans  la 
mesure  oil  il  a  permis  pour  la  premiere  fois  une  comparison  entre  les  alliages  existants.  sur  la  base  des  rechcrchcs  et  des 
caracterisadons,  menees  souvent  sur  le  mode  cooperatif,  par  les  industnels  et  les  grands  etablissements  dc  recherche,  ct  dc 
faire  le  bilan  des  developpements  industnels  envisages  par  les  constructeurs  aeronautiqucs. 

Parallelement,  il  a  paru  utile  de  consacrer  une  partie  de  la  reunion  — en  fan  une  session  sur  cinq—  a  d  autres  matcnaux 
derivant  des  alliages  legers.  Plusieurs  autres  families  sont  en  effet  apparues  concurrcmment  au  cours  dcs  dcmicres  annees: 
alliages  d’aluminium  ou  de  magnesium,  produits  par  metailurgie  des  poudres.  et  relevant  le  plus  souvent  dc  techniques  dc 
refroidissement  rapide.  alliages  composites  particulaires.  priKhes  des  precedents,  tant  par  la  technologic  (metailurgie  des 
poudres)  que  par  les  applications,  composites  a  fibres  longues,  applicables  aux  structures  spatiales  de  grande  stabilitc 
dimensionnelle.  mais  qui  peuvent  egalement  trouver  un  cmploi  pour  certains  elements  dc  motcurs  aeronautiqucs.  ou  dcs 
avions  de  transport  supersoniques  de  seconde  generation  —  voire  hypersoniques. 

Bien  que  ces  materiaux  n'aient  pas  atteint  un  stade  aussi  avance.  I’occasion  paraissait  bien  venue  dc  faire  un  bilan 
comparatif  de  ces  developpements  par  le  biais  d’une  serie  de  presentations  cffcctuces  par  des  scicntifiques  independants.  ct 
d  une  table  ronde  finale,  qui  a  ete  animee  par  les  Docteurs  G.Waldman  (USA),  C.Peel  (UK)  et  K. Schulte  (RFA). 
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SUMMARY 

This  paper  presents  an  up-to-date  view  of  Al-Li  development  in  terms  of  both 
properties  and  production  readiness.  Successes  achieved  to  date,  mostly  where  damage 
tolerance  and  medium  strength  targets  are  concerned,  will  be  ou*’*ned.  Design 
allowables,  properties  and  product  size  capabilities  will  be  presented  for  some 
alloy/product  fora  combinations  which  are  close  to  conaerc ial izat ion.  As  certification 
has  started  on  some  product  forms,  the  introduction  of  Al-Li  alloys  on  the  aerospace 
market  is  under  way. 


1 .  INTRODUCTION 

The  major  producers  involved  in  the  development  of  Al-Li  alloys  have  been  very 
active  over  the  last  5  to  8  years,  working  on  similar  property  targets  and  sometimes 
coming  up  with  similar  answers,  although  not  always  identical. 

Despite  generally  optimistic  prospects  (the  high  potential  of  the  Al-Li  family  has 
been  confirmed  on  many  product  forms),  this  development  work  is  taking  longer  than 
initially  anticipated  : 

few  qualification  programs  have  been  launched, 

supply  of  commercial  material  has,  here  and  there,  overstepped  delivery  dates, 
the  decisions  to  launch  industrial  casting  facilities  have  been  delayed. 

Among  possible  explanations,  one  can  quote  : 

the  extensive  sampling  over  the  past  5  years,  with  variants  to  meet  different 
customers’  specifications, 

the  difficulty  in  meeting  or  exceeding  each  of  the  individual  properties  of  the 
conventional  alloys  to  be  replaced  (philosophy  of  direct  substitution), 
the  competition  between  producers,  which  has  increased  the  choice  but  also  the 
difficulty  in  choosing  among  the  various  candidate  alloys. 

The  prospects  nevertheless  remain  good  since  : 

qualification  has  started  with  at  least  some  customers,  while  extensive  field 
testing  is  still  going  on  with  the  others, 

there  is  still  time  to  scale  up,  as  no  major  commitment  (e.g.  use  of  massive 
quantities  of  Al-Li  semis  with  a  given  time-table)  from  aircraft  makers  has  been 
announced.  In  particuiai ,  a  massive  need  in  2  years  time  is  unlikely,  while  it  takes 
only  from  16  months  to  2  years  to  complete  an  industrial  casting  facility. 

This  paper  intends  to  review  the  overall  situation,  both  in  terms  of  property 
combinations  and  engineering  properties,  and  to  reflect  PECHINEY’s  strong  commitment  to 
the  development  of  Al-Li  alloys  during  the  past  5  years. 


2.  PROCESSING  OP  AL-LI 


2 . 1  CASTING 

With  an  experience  of  several  hundreds  of  castings  in  both  slab  and  billet  forms, 
and  on  a  variety  of  alloys  and  ingot  cross-sections,  the  casting  technology  of  Al-Li  is 
well  mastered.  The  casting  procedure  is  designed  to  provide  adequate  metal  quality  under 
safe  conditions,  in  spite  of  the  reactivity  of  lithium. 

Regardless  of  the  Aluminum-Lithium  alloy  used,  current  3  ton  ingots  present  a  good 
surface  condition,  leading  to  the  same  amount  of  scalping  as  on  conventional  alloys. 

Their  processing  is  performed  solely  in  plant,  under  fully  industrial  conditions.  We  are 
now  able  to  guarantee  properties,  including  the  short- transverse  direction  on  thick 
products.  This  confirms  the  good  quality  control  of  the  cast  ingot,  in  terms  of  : 
homogeneity  of  composition, 
inclusion  and  impurity  level, 
gas  content ,  porosity , 
grain  size. 

The  3  ton  casting  unit  is  flexible  enough,  should  the  customers’  requirements 
increase,  to  meet  the  demand  for  the  next  2  to  3  years, with  capacity  left  for  early 
introduction  of  Al-Li  semis  on  aircrafts.  It  enables  the  manufacture  of  the  same  semi¬ 
products  (dimension-wise)  as  on  conventional  alloys  with  representative  properties,  which 
is  the  key  point  when  supplying  for  qualification  programs. 


2.2  TRANSFORMATION 


Sheets  and  plates  are  roiled  from  J'ton  ingots  on  the  existing  hot  and  .old  roiling 
lines  at  Issoire.  Sheets  are  produced  by  continuous  rolling.  The  stretch  applied  after 
quenching  is  between  1.5  and  3  X.  PECHINEY’s  experience  is  now  based  on  the  roll trig  of 
sheets  from  1  mm  to  88  mm  thick,  in  widths  from  1000  mm  to  2000  mm.  Madding  of  sheets  i 
possible,  regardless  of  the  cladding  material  I  7072  «>r  Java). 

Extrusions  are  produced  in  the  Mont  reu  i  1  -  Ju  i  gne  plant.  Profiles  ».»•*•  directly 
extruded  from  machined  or  pre-e\t  ruded  billets.  The  usual  amount  ,,f  sltei-hing  is 
applied  to  aluminum* 1 i t hi  urn  profiles,  after  quenching. 

Forgings  are  carried  out  at  FORGE AL  (Issoire).  large  hand  forging.-,  have  been 
processed  in  order  to  evaluate  t  h»*  potential  use  of  2091  for  thi«  k**r  gauges,  without  any 
difficulty.  Numerous  shapes  in  precision  and  thin-walled  forgings  have  been  successfully 
produced  out  of  8090  and  2091  alloys. 


3.  METALLURGICAL  GOALS  AND  ALLOYS  REVIEW 

PECHINEY  has  developed  three  ma.n  Al-I.i  alloys,  «'oveting  th»*  whole  strength  range  .> 
conventional  alloys,  with  a  density  reduction  of  8  to  10  %  and  a  loung  Modulus  increase 
of  about  11  X . 

They  belong  to  the  Al -Li  -Cu-Mg-Z 1*  family,  which  tinned  <*ut  to  be  t  h«-  most  promising 
The  replacement  of  2021  and  7070  guides  the  work  on  Al-I.i  alloy  design. 


Al-I.i 

Al  1  oy 

Main  Properties 
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♦  7  X 
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♦  1  IX 
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-T3 

CP  276 
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T6 

-  8  X 

♦  1  IX 

7010  1 

o  r 

7050  j 

T76 

(*)  strength— wise  =  excluding 

ST  stress-corrosion  resistance 


Development  is  conducted  on  every  possible  product  form,  apart  from  a  few 
combinations  of  semi-products  and  alloys  which  either  do  not  correspond  to  a  sizeable 
market,  or  were  not  selected  initially,  after  discussion  with  customers.  The  overall 
status  is  as  follows  : 

2091  is  a  good  candidate  for  2024-T3  replacement  : 

rolled  products  are  processed  according  to  fixed  procedures,  under  fully 
industrial  conditions  (quality  assurance  system),  hence  the  existence  of  minimum 
guaranteed  properties.  Short- transverse  properties  of  plates  are  also  guaranteed. 

-  the  same  status  has  been  reached  on  thin  extrusions  and  thick  forgings,  although 
8090  is  also  a  good  candidate  for  thin  extrusion  replacement. 


For  medium  strength  replacement,  both  2091  and  8090  give  promising  results  : 
extrusions,  thicker  sheets,  thin-walled  forgings.  Guaranteed  properties  have  been 
established  only  in  the  case  of  thin  extrusions,  due  tc  a  more  limited  experience 


CP  276  is  PECHINEY’s  candidate  for  high  strength  replacement,  with  confirmed 
achievements  in  two  cases  :  med ium- th ickness  plates  and  thin  extrusions.  The  extent  to 
which  CP  276  can  replace  7075-T6  or  -T76  in  the  other  product  forms  is  still  being 
evaluated . 

In  the  following  chapters  we  will  present  properties  of  a  selection  of  combination 
semi-products  {sheets,  plates,  extrusions,  forgings)  and  alloys  (2091,  8090,  CP  276 j. 


4. 


PROPERTIES 


4.1.  PHYSICAL  PROPERTIES 

Comparison  between  the  aluminum-Li thiua  alloys  under  industrial  production  at 
PECHINEY  and  the  corresponding  conventional  alloys  and  testing  procedures  (mechanical 
properties,  toughness,  corrosion  resistance)  are  given  in  Tables  1  and  2  at  the  end  of 
this  paper. 


4.2.  DAMAGE  TOLERANCE  ALLOY 

The  intrinsically  good  damage  tolerance  of  2091  and  the  successful  industrial 
experience  gained  by  PECHINEY  on  all  produc t- f o rms  make  2091  the  favoured  candidate  for 
the  replacement  of  2024.  Qualification  programs  have  been  launched.  The  statistical  and 
thorough  evaluation  of  industrial  products  confirms  the  hopes  placed  in  2091  for  this 
type  r> f  application.  809C  is  a  good  candidate  for  fatigue  resistant  structural  parts  such 
as  tub^s  and  thinner  extrusions.  It  is  currently  produced  for  these  applications. 


4.2.1  2091-T8X  Sheets 

The  highest  damage  tolerance  and  isotropy  are  obtained  with  the  association  of 
a  recrystallised  structure  together  with  an  underaged  temper  called  T8X  (Ref.  2  and 
3).  The  overall  set  of  properties  meets  the  damage  tolerance  required  for  2024 
replacement  (Table  3).  Fatigue  resistance  is  good  (Table  4).  Over  30  ingots  have 
been  processed  into  sheets.  Minimum  guaranteed  properties  have  been  der*"d  and  MIL 
HANDBOOK  5  types  of  guaranteed  values  are  also  available. 

However,  the  recrystallised  structure  does  not  ensure  the  highest  stress- 
corrosion  cracking  IS.C.C.)  resistance.  Whe-e  stress  corrosion  resistance  is  of 
importance,  or  for  certain  types  of  rivetinff ,  new  versions  (called  CPH )  have  be**n 
developed  to  match  the  S.C.C.  threshold  of  2024. 


4.2.2  2091  CPHK-T8X  Sheets 

The  increase  in  stress  corrosion  resistance  of  209I-T8X  recrystallised  sheets 
has  been  obtained  thanks  to  metallurgical  adjustments,  “CPH".  The  ageing  practice 
remains  unchanged  (same  T8X  temper),  to  maintain  a  higher  damage  tolerance.  The 
CPHK  version  is  that  which  favours  the  toughness  (hence  the  "K”  letter)  within  the 
possible  range  of  CPH  treatments.  The  CPH  treatment  leads  to  a  three-fold  increase 
in  stress  corrosion  resistance  for  ?09t  T8X  sheets,  at  a  slight  expense  of  strength 
and  toughness.  (Table  S) 

The  overall  set  of  properties  remains  within  the  range  of  damage  tolerance 
requested  for  2024  replacement.  More  than  20  ingots  have  been  processed  under  CPH 
conditions.  Statistical  evaluation  of  2091  CPHK-TRX  sheets  has  started  and  minimum 
guaranteed  properties  have  been  established,  leading  to  a  real  choice  between  this 
version  and  that  of  the  previous  page. 


4.2.3  2091 -T8X5 l  Sheets  and  Plates 

As  shown  in  Table  6,  the  yield  strength  exceeds  that  of  2024,  while  other 
properties  (fatigue  and  crack  propagation)  meet  the  2024  replacement  goal.  The 
large  experience  bearing  on  these  intermediate  thicknesses  leads  to  minimum 
guaranteed  properties  which  are  significantly  higher  than  those  of  2024-T351  . 

The  intrinsic  damage  tolerance  potential  of  2091  ensures  good  levels  of 
toughness  for  the  whole  range  of  thickness,  whatever  the  structure  of  the  material 
(fibred  or  recrystallised).  The  good  toughness,  as  measured  by  C.T.  specimens  on  12 
mm  thick  plates,  is  confirmed  when  measuring  the  R  curve  on  5  mm-thick  specimens 
machined  within  the  plate.  Thanks  to  an  essentially  unrec rystal 1 i sed  structure,  the 
stress  corrosion  behaviour  tested  in  the  rolling  plane  is  excellent. 


4.3  MEDIUM  STRENGTH 

2091  and  8090  both  possess  the  strengthening  potential  to  meet  this  replacement 
goal.  They  are  aged  close-to-peak  in  order  to  reach  the  required  strength  level. 

Their  winning  cards  are,  respectively,  that  2091  offers  a  better  strength- toughness 
combination,  particularly  in  the  short- transverse  direction,  either  in  the  -T6 ,  -T851  or  - 
T852  condition,  as  indicated  (Figure  1). 

The  short-transverse  measurements  are  performed  on  30  mm  thick  flat  extrusions  which 
provide  a  one-to-one  comparison  of  both  alloys  :  same  extrusion  process,  same  location 
for  specimens  (core).  This  advantage  is  maintained  over  the  whole  range  of  quenching 
rates  tested  from  5  to  77‘C/sec. 


FIGURE  1 


SHORT-TRANSVERSE  COMBINATIONS  OF  PROPERTIES 
FOR  2091  AND  8090 

AS  A  FUNCTION  OF  QUENCHING  RATE  AND  AGEING 
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The  tendancy  towards  exfoliation  on  8090  is  tore  easily  reduced  when  using  a  close 
to-peak  or  slightly  overaged  heat  treatment.  Its  density  and  sodulub  are  son- 
attractive,  Hence  2091  is  recossended  for  applications  where  s t reng th- toughness 
combination  is  of  prime  interest,  especially  for  structural  parts  usually  made  out  of 
2214-T6  type  of  alloys  plates  and  thics  forgings.  8090  is  favoured  for  *uie  *075-17351 
replacements,  where  very  high  short - 1 ransverse  stress  corrosion  resistance  is  not 
important  :  thinner  plates  and  extrusions. 


4.3.1  2091-T851  Plates 

2091  can  be  easily  brought  to  medium  strength  when  using  a  c lose - 1 o - peak  ageing 
treatment.  Short-transverse  properties  have  now  reached  acceptable  levels,  although 
very  thick  sections  still  remain  a  technical  challenge.  The  ageing  practice  has 
been  chosen  in  order  to  offer  the  best  balance  between  streng.h  and  toughness. 

Hence,  at  least  up  to  about  40  mm  thick,  2091  appears  to  be  a  good  candidate  fu?  the 
replacement  of  2214-T6  type  alloys  (Table  7). 


4.3.2  8090-T85 1  Plates 

8090  can  be  used  as  a  medium  strength  and  corrosion  resistant  alloy  for  thinner 
plates  or  extrusions  when  slightly  overaged.  TKe  reduced  sensitivity  to  texture  and 
resistance  against  exfoliation  have  guided  the  choice  of  the  ageing  treatment. 

Except  for  parts  where  short- t ransverse  properties  (including  stress  corrosion 
resistance)  are  critical,  8090  is  a  good  candidate  for  7075-T73  replacement 
(Table  8). 


4.3.3  8090-T851  Extrusions 

The  set  of  properties  obtained  meets  not  only  the  requirements  for  the 
replacement  of  2024,  but  also  the  typical  strength  and  corrosion  resistance  measured 
on  7075-T7351  extrusions  (Table  9).  Additional  advantages  result  from  the 
comparison  of  fatigue  and  crack-propagation  data  on  both  alloys. 

8090  is  hence  a  promising  candidate  for  the  replacement  of  7075-T7301 
extrusions,  when  stress-corrosion  resistance  in  the  short - 1 ransverse  direction  is 
not  the  key  point.  It  offers  a  10  X  density  reduction  and  a  24  %  increase  in 
specific  modulus.  8090  extrusions  are  under  current  production  and  minimum 
guaranteed  properties  have  been  derived. 


4.4  HIGH  STRENGTH 

Among  the  alloys  of  the  Al-Li-Cu-Mg-Zr  family,  CP  2*6  is  the  promising  candidate  for 
high  strength  applications.  It  combines  a  high  hardening  potential  together  with  an 
elevated  modulus,  a  good  resistance  to  exfoliation  and  a  remarkable  crack-propagation 
rate.  Thinner  extrusions  are  currently  produced  out  of  CP  276  and  take  full  advantage  of 
its  anisotropy.  In  this  case,  we  will  only  present  the  properties  obtained  on 
extrusions.  An  underaged  temper  has  been  chosen  in  order  to  combine  higher  strength  and 
good  toughness  levels. 

As  for  other  aluminum  lithium  alloys,  CP  276  extrusions  are  sensitive  to  texture  and 
the  highest  properties  are  obtained  within  the  ax i symmetr ical  parts  of  the  extrusion. 
Depending  on  the  texture,  the  strength  is  comparable  to  that  of  7075-T651  as  measured  on 
thicker  ext rus ions ( Table  10).  Taking  into  account  the  lowest  values  (obtained  in  the 
flat  parts  of  the  extrusions),  CP  276-T851  provides  a  strength  level  which  is 
intermediate  between  that  of  7075-T651  and  that  of  7075-T7651,  with  a  good  resistance 
against  exfoliation. 


5.  ENGINEERING  PROPERTIES 

This  chapter  is  concerned  with  the  ease  of  manufacturing  for  the  aircraft  maker,  as 
well  as  with  performance  in  service  for  the  end-user.  The  results  given  here  are  based 
on  the  experience  conducted  by  customers  and  on  the  results  of  in-house  programs.  The 
engineering  properties  of  Al-Li  alloys  are  similar  to  those  of  conventional  alloys,  with 
improvements  in  certain  cases.  The  manufacturing  techniques  therefore  remain  unchanged 
for  the  aircraft  maker. 


5.1  PORN I NO 

As  a  general  rule,  the  as-quenched  condition  provides  the  best  forming  ability  for 
Aluminum-Lithium  alloys.  In  this  temper,  the  forming  ability  of  2091  recrystallised 
sheets  exceeds  that  of  2024.  The  n  and  r  (Lankford)  coefficients,  as  measured  by 
are  respectively  0.33  and  1.0  for  2091  and  0.22  and  0.70  for  2024.  This  outstanding 
behavior  facilitates  forming  operations  :  it  authorizes  a  decrease  in  the  number  of 
forming  steps  as  compared  to  2024.  This  benefit  has  been  checked  in  bending,  drawing  and 
rubber-forming  tests  by  DASSAULT  and  FOULER. 


As-quenched  and  fibred  8090  sheets  have  been  successfully  submitted  by  DASSAULT  to 
the  usual  forming  sequences  applied  to  thinner  sheets  or  stiffeners.  The  forming  ability 
of  2091  sheets  in  T3  or  T8X  is  high  enough  for  some  forming  operations  .  FOKKER  has 
successfully  manufactured  stringers  out  of  2091  sheets  in  the  final  ( T8X I  condition.  The 
sol ut  ion-t reatment  holding  time  and  quenching  techniques  applied  to  2024  *  an  be  used  fur 
alumi num- 1  it h ium  alloys  on  the  whole,  and  in  particular  for  2091  and  8090.  The  natural 
ageing  of  a  1 um i num- 1 i th l um  alloys  is  significantly  lower  than  that  of  2024.  This  gives 
rise  to  an  increased  comfort  in  the  workshops  (Figure  21. 

The  influence  of  the  cold  working  between  quenching  and  ageing  has  been  measured  on 
2091.  This  alloy  is  less  to  cold  working  than  2024  .  This  leads  to  an  improved 

homogeneity  of  properties  within  the  foimed  part,  as  observed  by  AEROSPATIALE  and  by 
DASSAULT  on  209 1  - ( T8-T6 IX  sheets  (Figure  3). 

As  measured  by  DASSAULT,  the  cold  working  has  a  minor  inf  In  :.ce  on  the  era*  k- 
propagation  rate  of  2091-T8X  sheets,  which  remains  lower  than  that  of  2024-TJ  anyway. 
Increasing  cold  working  tends  to  improve  the  stress-corrosion  resistance  of  2091  fPHk-TRX 
sheets.  However,  no  significant  effect  of  cold  working  on  i  mere  r>  st  a  1  l  i  ne  tort-os  ion  or 
on  exfoliation  has  been  observed. 

Because  of  grain  coarsening,  the  critical  lower  work  hardening  •:  c  limits  the 
maximum  intermediate  strain  in  the  forming  sequence  before  the  last  solution  heat 
treatment.  The  >ame  limitation  exists  on  conventional  alloys.  To  be  precise,  the  actual 
values  of  ec  are  :  5  to  13  X  for  2091,  6  X  for  2091-CPHK  and  6  X  for  2024  sheets. 

Aluminum- 1 i thium  sem i -product s  display  a  lithium  depleted  zone  (L.D.Z.)  beneath 
their  surface.  Reducing  the  holding  time  to  the  minimum  acceptable  level  is  on**  possible 
way  of  limiting  the  depth  of  the  L.D.Z.  The  use  of  salt  baths  is  another  effi*  ,ent 
method  :  it  divides  the  L.D.Z.  depth  by  3.  So  far,  no  harmful  effect  of  the  L.D.Z.  has 
been  detected,  except  for  a  reduction  in  strength  for  very  thin  products  (below  1  mm 
thick ) . 


5.2  CHEMICAL  MILL  TNG  -  MACHINING 

Chemical  milling  can  be  successfully  applied  to  a  1 um i num- 1 i t h i um  alloys  and  in 
particular  to  2091  and  8090.  The  surface  quality  naturally  depends  on  the  Laths  used  by- 
customers  (additives,  etc . 1 .  The  chemical  milling  speed  of  2091  is  cv-ivalent  to  (hat  of 
2024  when  measured  in  a  pure  soda  aqueous  solution.  The  influence  of  the  ageing  temper  is 
negligible.  The  presence  of  Lithium  does  not  alter  the  stability  of  th*-  baths,  although 
more  mud  is  generated  during  the  chemical  milling  of  Al-Li  alloys.  Machining  can  be 
performed  on  existing  tools  ;  it  is  safe  providing  that  a  vacuum  system  is  placed  at  the 
base  of  the  tool,  or  a  proper  lubrication  used  to  avoid  dust,  formation. 


5 . 3  SURFACE  TREATMENTS 

Acid  etching  is  recommended  to  get  rid  of  the  LwCCj  carbonate  layer  resulting  from 
the  soLution  heat  treatment.  Before  anodizing,  acid  (e.g.  sul fochromic )  etching  is 
preferable  to  caustic  etching.  As  observed  on  8090,  the  attack  due  to  the  sui foihromu 
etching  is  regular  and  slightly  slower  than  on  2024. 

Chromic  anodizing  creates  an  efficient  barrier  against  corrosion  in  Al-Li  alloys. 
The  thickness  of  the  oxyde  layer  is  equivalent  for  2024  and  8090.  Hard  anodizing  has 
been  proved  feasible  on  CP  276.  Sulfuric  anodizing  has  been  tested  on  809o.  i  he 
thickness  of  the  oxyde  increases  continuously  with  time,  resulting  in  a  thicker  layer 
than  on  2024 . 


5.4  JOINING 

Riveting  performs  well  on  Al-Li  alloys,  with  a  fatigue  behavior  usually  close  to 
that  of  2C24  ,  or  even  better,  as  measured  by  AEROSPATIALE  and  DASSAULT.  Spot  welding  is 
used  by  DASSAULT.  It  is  easier  than  with  conventional  alloys  due  to  the  increased 
resistivity  of  Al-Li  alloys.  The  resulting  weld  is  also  stronger.  TIG  welding  has  been 
tested,  especially  on  2091  and  CP  276.  A  complete  heat  treatment  is  still  needed 
(including  the  solution  heat  treatment)  in  order  to  reach  an  acceptable  elongation  in  the 
weld. 


5.5  DEPENDANCE  OF  PROPERTIES  ON  TIME  AND  TEMPERATURE 

The  T8X  treatment  has  been  chosen  in  order  to  ensure  a  st.able  damage  tolerance 
during  the  service  life  of  the  airplane.  A  7-days  exposure  at  100  C  has  been  applied  to 
2091  CPHK-T8X  sheets  ;  the  stability  of  the  stress-corrosion  resistance  has  been  checked 
(simulation  of  20  years  service  life). 

Peak-aged  forgings  out  of  2091  have  been  tested  by  HISPANO  SUIZA  after  a  long 
holding  time  (3000  hours)  at  130  0.  The  properties  of  2091  are  slightly  improved.  This 
temperature  behavior  is  a  new  advantage  for  Al-Li  alloys  as  compared  to  7\XX-series 
al loys  (Figure  4  ) . 
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Coin  altoy*  art  oucnctod and  submitted  to  different  level?  of  cold  working. 

2024  tsivMuraltyaged  -  2091  is  aged  to  r«X  _  _  _ 

Courtesy  AEROSPATIALE 


FIGURE  3 


FIGURE  4 


Influence  of  long  holding  tim«  at  130*C 

on  the  mechanical  properties  of  various  forgings 


6.  CONCLUSIONS 


The  results  of  five  years  intensive  development  on  Al-Li  alloys  at  PECHINEY  have 
been  reviewed  in  this  paper.  Among  other  achievements  : 

-  2091  appears  capable  of  replacing  2024,  the  damage-tolerant  alloy  in  use  on  major 
portions  of  aircrafts  :  sheets  and  thin  extrusions  ( fuselage },  plates  and  thick 
extrusions  (lower  wing).  It  can  also  be  brought  to  medium  strength  (2214-T6  level), 
which  widens  its  potential  use. 

-  8090  gives  adequate  properties  on  some  product  forms,  with  some  possible 
applications  (fatigue  resistant  structures)  :  stringers,  tubes,  thin  forgings. 

-  CP  276  is  a  promising  candidate  for  high  strength  ctA  r  i  icai  ions : 
forgings,  extrusions,  plates  (upper  wing,  structural  parts)  \  7xxx-T6  or  -T7G 
replacement . 

The  physical  and  engineering  properties  remain  similar  to  those  of  conventional 
aluminum  alloys,  so  that  aircraft  design  and  manufacturing  techniques  are  unchanged: 
same  tools,  same  procedures.  The  only  significant  difference  lies  in  scrap 
segregation. 

Airline  maintenance  practices  remain  unchanged. 

The  basic  property  combinations  having  been  established,  aircraft  manufacturers  can 
now  launch  extensive  programs  for  the  evaluation  of  service  properties  on  a  large  scale, 
and  for  the  qualification  of  the  most  advanced  alloys.  This  is  being  done  at  present  with 
some  customers,  using  2091  (sheets,  plates  and  forgings)  and  8090  alloys  (extrusions). 

The  qualification  procedures  would  speed  up  if  all  producers  agreed  on  a  worldwide 
standardisation  of  alloys  and  tempers. 

Taking  all  the  above  into  consideration,  prospects  for  the  large-scale  production  of 
aluminum-lithium  are  high,  especially  in  the  fuselage  and  other  vital  components  of  high- 
performance  aircraft. 
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TABLE  1 

TESTING  PROCEDURE 
Tensile  properties  : 

The  specimens  are  taken  in  the  core  of  the  product,  except  where  otherwise  indicated. 

Toughness  : 

Same  location  as  for  tensile  specimens. 

Kq  :  measured  with  C.T.  specimens  (minimum  thickness  :  12  mm). 

Kc  :  measured  on  405  mm  wide  CCT  specimens  with  propagation 

of  the  crack  and  plastic  zone  correction. 

Kapp  :  same  specimen,  but  without  crack-propagation, 

( 2ao  =  100  mm);  no-plastic  zone  correction. 

Bending  radius  : 

The  specimens  are  machined  in  the  full  thickness. 

Fatigue,  crack  propagation  : 

The  geometry  of  the  specimens  and  the  testing  conditions  are  detailed  for  each  figure. 
Corrosion  : 

Stress  corrosion  : 

The  results  refer  to  the  alternate  immersion/emersion  test  (10mm/50mmm)  performed  in 
3 . 5%  NaCl  aqueous  solution  (test  duration  :  30  days). 

Exfoliation  : 

The  results  on  Al-Li  refer  to  the  normalized  EXCO  procedvre  after  48  hours 
immersion,  since  this  test  turned  out  to  give  the  best  correlation  with  sea-coast 
exposure  for  Al-Li-Cu-Mg-Zr  alloys  (Ref  1).  The  test  duration  is  96  hours  on 
conventional  alloys  (ASTM  G34-80). 

Intercrystalline  corrosion  ; 

This  test  performed  in  NaCl  aqueous  solutions  +H2O2  (MILH  6088)  is  not  correlated 
with  stress-corrosion  resistance.  However,  the  sensitivity  to  intercrystalline 
corrosion  may  be  observed  in  the  case  of  sea-coast  exposure,  in  addition  to 
exfoliation.  The  results  of  this  test  must  hence  be  used  very  carefully. 


TABLE  2 


Aluminium  lithium 

alloys 

T6 

2091 

T8 

T8X 

density  (a/cm3) 

2.57 

modulus  (GPa) 

78 

Coefficient  of  linear  expansion 
(•C-'  X1<£  )  [20*  to  100°C] 

— 

22 

Thermal  conductivity 
(W/m"C)  (at  20*C/100°C] 

76/88 

Specific  heat 
(J/kg*C)  (at  40°C] 

980 

Resistivity 
(fiftcm)  (at  20"C] 

100  9.4 

8090 

T6 

T8 

density  (g/Cm3) 
modulus  (GPa; 

2.53 

81 

Coefficient  of  linear  expansion 
(-C  - 1  xic^  )  120'  to  1 00“C] 

22 

Thermal  conductivity 
(Wm*C)  (at  20*C/100"C] 

78/88 

Specific  heat 
(J/kg#C)  [at  40° C] 

987 

Resistivity 
(pncm)  (at  20°C] 

9.3 

CP  276 

T6 

T8 

density  (g/Cm3) 
modulus  (GPa) 

2.58 

80 

Coefficient  of  linear  expansion 
(°C ' 1  xl  C0  )  [20°  to  100'CJ 

22 

Thermal  conductivity 
(W/m°C)  (at  20*C/100°C] 

75/83 

Specific  heat 
(J/kg*C)  (at  40#C) 

980 

Resistivity 
(Mflcm)  [at  20*  C) 

9.5 

Conventions!  alloys 

2024 

T3 

density 

(g/cm3) 

2.57 

modulus 

(GPa) 

7) 

Coefficient  of  linear  expansion 
(•O'  1  xl )  (20*  to  tOO'Cl 

22.9 

1  20 

920 

5.7 

Thermal  conductivity 
(W/m°C)  (at  20°C/100°C] 

Specific  heat 
(J/kg°C)  [at  «0*C1 

Resistivity 
(pilcm)  [at  20"C) 

2014 

T6 

density  (g/cm3) 
modulus  (GPa) 

2.80 

74 

Coefficient  of  linear  expansion 
CC-'  xltf*  )  [20*  to  100-C) 

22.5 

Thermal  conductivity 
(W/m°C)  (at  20*C/1 00*C] 

151 

Specific  heat 
(J/kg°C)  [at  40®C] 

920 

Resistivity 
(pflem)  [at  20°CJ 

4.3 

7075 

T6 

density  (g/cm3) 
modulus  (GPa) 

2.80 

72 

Coefficient  of  linear  expansion 
(°C‘ 1  xlCP  )  [20°  to  100°CJ 

23  5 

Thermal  conductivity 
(W/m’C)  [at  20°C/100*CJ 

1  30 

Specific  heat 
(J/kg'C)  (at  40°CJ 

915 

Resistivity 
(pOcm)  [at  20°C) 

5.2 

TABLE  3 


1.6  mm  sheets 


FATIGUE  RESISTANCE  OF  2091  T6X  -  T8X  AND  2024  T3  SHEETS 


TABLE  4 


O 


2024  T3  quenched,  2  *  stretched  naturally  aged 


ALLOY 

TEMPER 


|  THICKNESS  1 


TENSILE 


L 

LT 

60°/L 


TOUGLMESS 


LT 

TL 


BENDING 


L 

LT 


SURFACE 

CORE 


SURFACE 

core 


l—LT  ] 


2-1.1 


TABLE  5 


DAMAGE  TOLERANT  SHEETS 


iFSTi 

CPH  K  T8X 


I  1.0  <  1  s  3,5  mm  | 


YS 

UTS 

El 

(MPa) 

(MPa) 

(%) 

335 

419 

326 

435 

13 

291 

407 

17 

Kc 

Kapp 

(MPaVm) 

128 

89 

124 

86 

BENDING  RADIUS 
r  / 1 
<2.5 
<2.5 


EXCO 
P  -  EA 
P  -  EA 


INTERCRYSTALLINE 
.  (Mm)  (%) 
0-150  0-25 

125  75 


SCR  (Tensile)  30  d. 
200  <  S  <  250  MPa 


'  1.6  mm  thick  sheets 


2024 
T  3 


I  1.2  <  t  S  3.5  mm  | 


YS 

UTS 

El 

(MPa) 

(MPa) 

(%) 

369 

498 

20 

331 

486 

22 

330 

479 

24 

Kc 

Kapp 

(MPaVm) 

155 

142 

93.5 

BENDING  RADIUS 
r/t 
^  1.5 
<S  1.5 


EXPO 
N  -  EA 
EA 


INTERCRYSTALLINE 

_ itffll  -  (%) 

0-150  0-75 
0-75  0-75 


SCR  (Tensile)  30  d. 
200  <  S  <  250  MPa 


A 


14 


TABLE  6 


damage 


rni  PHANT  SHEETS  and  PLATEsj 


pfHiCKNESSl 


TENSILE 


LT 


60°/L 


TOUGHNESS 

m 


bending 


LT 


SURFACE 


COPE 


ALLOY  ~l 

- 5"5Ti 

TSX51 

I 

" '  2024 

T351 

TEMPER 

SURFACE 


CORE 


LT 


YS 

UTS 

El 

(MPa) 

(MPa) 

w 

411 

491 

13J 

363 

486 

15 

317 

443 

21  1 

KQ 


(MPa^mL 


44 

41 


BENDING  RADIUS 
r/t  _ 


<5 

<5 


EXDO 


EA 

EA 


INTERCRYSTALUNE 

(%] 


75 

100 


local. 

50 


SCR  (Tensile)  30  d. 
S  >  200  MPa 
R  750  MPa  _ 


*  t  <  6  mm 
t  >  6  mm 


YS 

UTS 

El 

(MPa) 

(MPa) 

(%> 

368 

468 

20 

334 

484 

16 

318 

468 

20 

KQ 


(MPa^m) 


BENDING  RADIUS 
r/t _ 


EXCO 


P  -  EC 
EB-  ED 


INTERCRYSTALUNE 

I  urn)  - 


150 

120 


SCR  (Tensile)  30  d. 
ST250  MPa 


% 


TABLE  7 


MEDIUM  STRENGTH 


ALLOY 

TEMPER 

mEjSKSB 

|  THICKNESS-!  I  3.5  <  t  g  12.7  mm  | 


TENSILE 


ij||a 

wm 

RSI 

KS 

BlH 

KQ 

(MPaVmj 

35 

25 


EXOO 
P  -  EA 
EA-  EB 


INTERCRYSTALLINE 

(um)  (%) 

P 

200  50 


I  lt!  ] 


SCR  (Tensile)  30  d. 
>  200  MPa 


TABLE  8 


ALLOY 

TEMPER 


THICKNESS 


TENSILE 


L 

LT 

60“/L 


TOUGHNESS 


LT 

TL 


SURFACE 

CORE 


ALLOY 

TEMPER 


1  THICKNESS"! 
TENSILE 


_L_ 

LT 


SURFACE 

CORE 


rz  k  i 


MEDIUM  STRENGTH  PLATES 


8090 

T851 


I  3.5  <  t  <  12.7  mm~l 


wsm 

ED 

USSI 

IKB31 

Hfl 

455 

500 

455 

500 

395 

480 

Kc 

(MPaVm) 

33 

30 


7475 

T7351 


1  10.0  <  t  S  25  mm~| 


fga| 

PI 

1®! 

Kc 

(MPa^m) 


30 


EXCO 


P  -  EA 
P  -  EA 


EXCO 


N  -  EA 
N  -  EA 


TABLE  9 


MEDIUM  STRENGTH  EXTRUSIONS 


T85  1 


1  1 .2  <  t  <  8  mm  | 


ina 

■a 

IBEBI 

ISI 

K31 

440 

513 

6.8 

465 

517 

6.3 

EXCO 
N  -  EA 
EA 


SCR  (Flexion)  MPa. 
>  400  MPa 


7175 

T7351 


I  1.1  <  t  <  2,5  mm  | 


■SSI 

EXPO 
N  -  EA 
N  -  EA 


SCR  (Tensile)  30  d. 

>  350  MPa 


13  mm  thick  extrusions 
3  to  5  mm  thick  extrusions  (courtesy  A.S.) 


TABLE  10 


THE  MICROSTRUCTURE  AND  PROPERTIES  OF  ALUMINUM- LITHIUM  ALLOYS 


Edgar  A.  otarke,  Jr. 

School  of  Engineering  and  Applied  Science 
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William  E.  Qu*st 
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ARSTRACT 

The  advantages  to  be  gained  by  weight  reduction  of  aerospace  structures  have 
encouraged  the  aluminum  industry  to  develop  a  family  of  aluminum  alloys  which  contain 
lithium  as  one  of  the  alloying  elements.  When  alloyed  with  aluminum,  lithium  can  reduce 
the  density  by  approximately  three  percent  and  increase  the  elastic  modulus  by  six  percent 
for  every  weight  percent  added.  A  new  series  of  aluminum  alloys,  typified  by  2090,  2091, 
8090,  and  8091,  have  been  developed  and  are  currently  being  produced  in  commercial 
quantities.  These  alloys  have  densities  between  7%  and  10%  lower  than  the  conventional 
alloy  7075  with  correspondingly  higher  stiffness.  Although  a  combined  set  of  specific 
properties  of  the  Al-Li-X  alloys  often  exceeds  those  of  the  conventional  aluminum  materials 
used  in  aerospace,  these  properties  seem  to  be  much  more  sensitive  to  processing 
parameters.  The  strong  processing-property  relationship  is  associated  with  sharp 
crystallographic  textures  that  are  developed  during  primary  processing  and  very  complex 
precipitate  raicrostructures  whose  distributions  are  sensitive  to  quench  rates  and  degree 
of  deformation  prior  to  aging.  This  paper  describes  the  processing-microstructure-property 
relationships  of  the  new  Al-Li-X  alloys  and  focuses  on  strength,  ductility,  fracture 
toughness,  fatigue  and  stress  corrosion  properties. 

INTRODUCTION 

The  development  of  Al-base  alloys  containing  lithium  began  in  Germany  in  the  1920 *s 
and  was  primarily  concerned  at  first  with  additions  of  very  small  amounts  of  lithium  to 
Al-Zn-Cu  alloys  to  increase  their  strength  (1,2).  However,  the  development  of  modern 
aluminum-lithium  alloys  can  be  traced  to  the  discovery  by  LeBaron  in  1942  that  lithium 
could  be  a  major  strengthening  element  in  aluminum-copper  alloys  (3).  Subsequent  work  by 
Hardy  and  Silcock  (4,5)  identified  the  lithium-containing  strengthening  phases  in  Al-Cu-Li 
alloys  and  contributed  significantly  to  the  scientific  understanding  of  these  complex 
materials.  In  the  1950's  metallurgists  at  Alcoa  recognized  that  lithium  also  increased 
the  elastic  modulus  of  aluminum  and  developed  the  high  strength  Al-Cu-Li  alloy  2020. 
Later,  metallurgists  in  Russia  (6)  developed  the  Al-Mg-Li  alloy  01420  which  had  a 
considerable  density  advantage  over  other  medium  strength  aluminum  alloys.  However, 
production  problems  combined  with  marginal  engineering  properties  inhibited  the  widespread 
use  of  these  lithium-containing  aluminum  alloys. 

In  the  early  1970's  escalating  fuel  costs  and  the  desire  to  develop  more 
fuel-efficient  and  high-performance  aircraft  generated  a  major  interest  in  materials  that 
would  reduce  weight  and  thereby  increase  structural  efficiency.  Reducing  the  density, 
without  compromising  strength,  toughness,  and  corrosion  resistance,  has  been  shown  to  be 
the  most  efficient  way  to  accomplish  this  goal  (7) .  Although  carbon  fiber  and  boron  fiber 
non-metallic  composites  offer  a  considerable  density  advantage  over  all  other  structural 
materials  used  in  aircraft,  improvements  in  the  properties  of  aluminum  alloys  seemed 
desirable  due  to  their  relatively  low  acquisition  cost  and  the  aircraft  community's 
extensive  design  and  manufacturing  experience  with  these  materials.  Aluminum-lithium  alloys 
appeared  attractive  since  lithium  can  reduce  the  density  of  aluminum  by  three  percent  and 
increase  the  elastic  modulus  by  six  percent  for  every  weight  percent  added  (8).  These 
advantages  have  encouraged  every  major  aluminum  alloy  producer  in  the  U.S.  and  abroad  to 
develop  alloys  containing  lithium,  usually  at  levels  of  2.0  weight  percent  and  higher. 
Both  ingot  metallurgy  (I/M)  and  powder  metallurgy  (P/M)  approaches  were  used  during  the 
alloy  development  programs;  however,  most  major  advances  were  made  using  the  former 
technique. 

Alloy  designations  and  compositions  of  the  new  lithium-containing  aluminum  alloys  are 
listed  in  Table  1.  Many  of  these  alloys  possess  good  combinations  of  strength,  damage 
tolerance  and  durability  and  in  general  are  quite  weldable.  In  addition,  several  have 
demonstrated  excellent  cryogenic  and  elevated  temperature  properties.  However,  the 
properties  of  the  new  aluminum-lithium  alloys  appear  particularly  sensitive  to  small 
variations  in  composition  and  processing.  This  sensitivity  seems  to  be  associated  with 
the  difficulty  in  maintaining  metal  quality  during  casting,  the  presence  of 
recrystallization  inhibiting  elements,  and  the  complexity  of  the  microstructure  after 
primary  processing  and  heat  treatment.  As  with  most  aluminum  al?  ys,  microstructural 
features  of  importance  for  property  control  of  Al-Li  alloys  include:  (a)  cast  structure, 
(b)  grain  structure  and  crystallographic  texture,  (c)  volume  fraction,  size  and 
distribution  of  insoluble  intermetallic  particles  and  grain  boundary  precipitates  and  (d) 
coherency,  volume  fraction  and  distribution  of  strengthening  precipitates. 


TABLE  1.  Current  Al-Li  Alloys  and  Compositions. 


f\Alloy 

2090 

2091 

8090 

8090A 

8091 

X8092 

X8192 

j  \ 

Alcan  and 

Alcoa 

C  Pechiney 

C  Pechiney 

Alcoa 

Alcan 

Alcoa 

Alcoa 

Eiement^X^ 

8/6/84 

4/8/85 

May  1985 

(Late  1985) 

3/29/85 

May  1965 

Aug  1985 

S( 

0  10 

0.20 

020 

0  10 

0  30 

0  10 

0  10 

Fe 

0  12 

0.30 

030 

0  15 

050 

0  15 

0  15 

;  Cu 

2  4-3  0 

18-2  5 

10-1.6 

11-16 

18-2  2 

0  5-0  8 

0  4-0  7 

i  Mn 

005 

0.10 

0.10 

005 

0  10 

0  05 

0  05 

Mg 

0  25 

1.1-1  9 

0  6  to  1.3 

0  8-14 

0.5-1  2 

0  9-1  4 

0  9-14  | 

Ct 

N. 

Zn 

0  05 

0.10 

0.10 

005 

0  10 

005 

005  1 

j 

0  to 

0  25 

0.25 

0.10 

0.25 

0  10 

0  10  j 

Ti 

0  15 

0  10 

0  10 

0.15 

0.10 

0.15  1 

0  15 

Li 

1 .9-2.6 

1. 7-2.3 

2  2-2.7 

2. 1-2. 7 

24-28 

21-27 

2  3-2  9 

Zf 

0  08-0  15 

0.04-0.16 

0.04-0.16 

0.08-0.15 

0.08-0  16 

0  08-1.5 

0  08-1  5 

Other  Each 

0.05 

0.05 

005 

0.05 

005 

005 

0  05 

Total 

0.15 

0  15 

0.15 

0  15 

0  IS 

0.15 

0  15 

•Numbers  Shown  Are  Either  Maximums  or  Ranges 


MICROSTRUCTURE  AND  DEFORMATION  BEHAVIOR 


Cast  Structure: 

Casting  problems  have  been  associated  with  the  development  of  Al-Li  alloys  since 
Alcoa ' 6  entry  with  alloy  2020.  Some  of  these  are  related  to  the  reactivity  of 
lithium-containing  aluminum  alloys  and  associated  safety  problems  which  have  necessitated 
the  use  of  modified  refractories  and  degassing  procedures,  protective  inert  cover  gases 
and/or  surface  fluxes  during  melting  and  casting,  and  special  ingot  cooling  techniques 
(some  employing  organic  coolants  in  place  of  water).  These  techniques  have  minimized  the 
hazards  of  casting  Al-Li  alloys  and  current  work  is  focusing  on  improving  the  quality  of 
the  as-cast  product.  The  "as-cast  quality"  of  ingot  depends  on  both  the  surface  quality, 
which  determines  the  amount  of  scalping  prior  to  further  processing,  and  the  internal 
structure  which  determines  the  processing  steps  necessary  to  produce  the  desired 
microstructure-property  relationship.  There  can  be,  of  course,  some  casting  defects  which 
are  impossible  to  remove  during  subsequent  processing.  In  addition  to  having  a  high 
surface  quality  and  a  crack  free  ingot,  the  ingot  should  be  free  of  spherical  voids  and 
blisters  and  have  a  medium-fine  grain  structure,  a  consistent  composition  throughout,  a 
low  inclusion  and  alkali  impurity  content,  and  a  low  gas  content  (9) . 

A  fine  cast  grain  structure  reduces  porosity  and  the  tendency  for  ingot  cracking. 
Aluminum-lithium  alloys  have  been  found  to  be  more  difficult  to  grain  refine  than 
conventional  aluminum  alloys  (10) .  The  difficulty  has  been  partly  associated  with  the 
presence  of  zirconium  which  is  used  to  control  the  wrought  grain  structure,  since  zirconium 
enhances  the  formation  of  twinned  columnar  grains  (TCG)  (11).  Zirconium  has  beneficial 
effects,  of  course,  since  it  forms  the  coherent  Al^Zr  during  ingot  preheat  which  is  very 
efficient  in  inhibiting  recrystallization  without  the  adverse  effects  on  fracture  toughness 
that  is  sometimes  associated  with  large  Al12 (Fe,Hn) 3Si,  Al9Mn3Si,  and  Al2QCu2Mn3  particles 
present  in  many  2 XXX  alloys.  During  normal  ingot  breakdown,  hot  working  and  subsequent 
heat  treatment,  the  Al3Zr  dispersoids  inhibit  recrystallization  although  the  cast  grains 
do  elongate  in  the  direction  of  metal  flow.  Consequently,  in  the  final  produce  most  Al- 
Li  alloys  are  unrecrystal lized,  and  the  cast  grain  structure  relates  directly  to  the  grain 
structure . 

Typical  grain  refining  problems  include  a  non-uniform  grain  size  and  the  formation 
of  twinned  columnar  grains  (TCG)  which  not  only  result  in  increased  cracking  during 
processing  but  also  reduce  the  elongation  of  the  final  product  as  shown  in  Figure  l.  The 
as-cast  grain  size  correlates  well  with  both  the  toughness  and  the  stress  corrosion 
resistance  of  the  final  product.  A  fine  as-cast  grain  size  reduces  fracture  toughness. 
Figure  2,  and  fatigue  crack  growth  resistance,  since  it  minimizes  the  beneficial  crack 
branching  and  the  tortuous  crack  path  often  observed  in  larger-grained  aluminum  alloys. 
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Figure  1.  The  effect  of  twin  columnar  grains  and  lithium  content  on  the  elongation  of  Al- 
Li  alloys  (From  Labarre  et  al.,  reference  10). 


Decreasing  Grain  Size 


Figure  2.  A  schematic  illustration  of  the  increase  in  toughness  with  decreasing  strength 
and  increasing  grain  size  (From  Labarre  et  al.,  reference  10). 


Figure  3.  The  effect  of  as-cast  grain  structure  on  the  stress  corrosion  behavior  of  8090- 
T851  plate.  Base-line  data  of  2012-T651  and  7075-T651  is  shown  for  comparison  (Courtesy 
of  A.  Gray,  Alcan  International). 


However,  a  fine  as-cast  grain  size  has  been  shown  to  have  beneficial  effects  on  the  stress 
corrosion  resistance  of  aluminum-lithium  alloys,  Figure  3.  A  reduction  in  grain  size 
decreases  the  slip  length  and  reduces  the  stress  concentrations  at  grain  boundaries  thus 
reducing  the  mechanical  component  of  stress  corrosion  cracking. 

Inclusions  may  originate  from  the  lining  of  the  furnace,  the  flux,  or  from  the 
presence  of  certain  impurities,  e.g. ,  iron  and  silicon.  The  effect  of  iron  content  on  the 


4-4 


strength/toughness  of  alloy  2020  aged  to  the  T8  temper  (12)  is  shown  in  Figure  4.  Molten 
metal  filtering,  fluxless  or  inert  gas  casting,  and  high  purity  starter  materials  are 
common  methods  used  to  minimize  inclusion  problems.  Besides  the  well-known  relationship 
between  inclusion  content  and  fracture  toughness,  a  high  silicon  content  is  believed  to 
have  a  detrimental  effect  on  the  corrosion  properties  of  Al-Li  alloys  (13).  For 
compositions  containing  greater  than  0.08  wt.%  Si,  the  equilibrium  AlLiSi  phase  forms  upon 
solidification  and  is  retained  through  all  subsequent  thermal  mechanical  treatments.  This 
phase  serves  as  an  active  nucleation  site  for  surface  pitting  upon  exposure  to  salt  water, 
and  greatly  diminishes  the  material's  resistance  to  stress  corrosion  cracking. 


Figure  4.  The  effect  of  iron  content  on  the  strength/toughness  relationship  of  2090  (From 
Ashton  et  al.,  reference  12). 


Precipitate  Structure,  Deformation  Behavior  and  Fracture: 

Al-Li:  When  binary  Al-Li  alloys  containing  more  than  1  wt.%  lithium  are  quenched  from 
the  single-phase  field  and  aged  at  a  temperature  below  the  solvus,  homogeneous 
precipitation  of  the  metastable  ordered  phase  5'  (Al3Li)  occurs.  For  alloys  containing 
more  than  1.7  wt.%  Li  it  may  be  impossible  to  suppress  6'  formation  during  quenching  even 
when  using  ice  water  as  the  quenching  medium  (14) .  These  precipitates  have  an  Ll2  type 
superlattice  structure,  a  spherical  shape,  and  a  cube/cube  orientation  with  the  aluminum 
matrix  (15,16).  Although  they  can  be  sheared  by  moving  dislocations,  they  impede  their 
motion  and,  consequently,  greatly  improve  the  strength  over  that  of  unalloyed  aluminum. 
During  artificial  aging  the  S’  precipitates  coarsen  but  retain  their  coherency  and 
spherical  morphology  to  relatively  large  sizes  (>50  nm)  .  A  change  in  deformation  mode 
from  shearing  tc  Orowan  looping  does  not  occur  during  practical  heat-treatment  times  and 
temperatures. 

In  commercial  Al-Li  alloys  that  contain  zirconium  the  small  («  50  nm)  coherent, 
ordered  Al,Zr  dispersoids  that  form  during  the  ingot  preheat  are  isostructural  with  Al3Li 
and  can  act  as  nucleation  sites  for  these  precipitates.  These  composite  precipitates  are 
often  observed  coexisting  with  the  homogeneously  nucleated  6 • .  High  temperatures  and/or 
long  aging  times  at  normal  aging  temperatures  result  in  the  heterogeneous  precipitation 
of  the  equilibrium  6  (AlLi)  phase  at  grain  boundaries  and  other  planar  interfaces.  These 
precipitates  consume  lithium  from  the  surrounding  region  and  produce  a  lithium-depleted 
precipitate-free-zone  (PFZ)  adjacent  to  the  grain  boundary.  The  microstructural  features 
just  described  are  shown  in  the  transmission  electron  micrographs  of  Figure  5. 

When  the  6'  precipitates  are  sheared  by  dislocations  during  deformation,  their 
strengthening  effect  is  reduced  as  both  the  degree  of  order  and  the  precipitate  size  on 
the  glide  plane  is  reduced  when  the  precipitate  is  sheared.  Although  dislocations  move 
in  pairs  (superdislocations)  in  order  to  minimize  the  creation  of  antiphase  domain 
boundaries  in  the  6',  their  shearing  results  successively  in  a  local  decrease  in  resistance 
to  further  dislocation  motion,  a  concentration  of  slip  into  intense  shear  bands  and  a 
reduction  in  ductility  and  fracture  toughness.  Sanders  and  Starke  (14)  have  presented 
clear  evidence  of  such  inhomogeneous  deformation,  and  Cassada  et  al.  (17)  have  shown  how 
the  deformation  can  be  homogenized  and  ductility  improved  by  the  addition  of  non-shearable 
precipitates.  Since  PFZ's  are  weaker  than  the  precipitation-hardened  matrix  they  can  also 
lead  to  strain  localization,  thus  further  lowering  the  ductility  and  fracture  toughness. 
This  adverse  effect  is  enhanced  by  the  presence  of  the  coarse  grain  boundary  precipitates 
which  may  fracture  or  act  as  stress  risers  and  preferential  sites  for  microvoid  nucleation 
and  growth.  Because  of  the  severe  strain  localization  effects  associated  vith  6'  and 
PFZ*s,  all  aluminum  alloys  containing  lithium  that  are  being  developed  for  commercial  use 
contain  other  alloying  elements  in  order  to  modify  the  precipitate  types  and  sequences  and 
thereby  develop  acceptable  combinations  of  strength  and  toughness. 
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Figure  5.  Transmission  electron  micrographs  of  an  Al-Li  alloy  aged  24  h  at  363K:  (a) 

Bright-field  image  showing  Al3Li  in  the  matrix,  AlLi  at  grain  boundaries  and  PFZ.  (b)  Dark 
field  image  showing  the  shearing  of  Al3Li  that  occurs  during  deformation  (Courtesy  of  W.A. 
Cassada) . 

Al-Li -Mg:  The  effect  of  magnesium  additions  on  the  phase  equilibria  of  Al-Li  alloys 
has  been  reported  by  a  number  of  investigators  (6,18,19).  Magnesium  decreases  the 
solubility  of  lithium  in  aluminum  at  all  temperatures  below  about  425°C  (20) .  Similarly, 
the  solubility  of  magnesium  in  aluminum  is  drastically  reduced  by  the  presence  of  lithium. 
Beyond  the  region  of  solid  solution,  in  Al-Li-Mg  ternary  alloys  with  compositions  close 
to  the  Al-Li  binary,  the  decomposition  of  the  supersaturated  solid  solution  occurs  via  the 
6*  to  6  precipitation  sequence.  However,  as  the  composition  of  the  ternary  alloy  is  varied 
from  the  Al-Li  binary  towards  the  Al-Mg  binary  by  increasing  the  magnesium  to  lithium 
ratio,  the  phase  that  is  in  equilibrium  with  the  a  solid  solution  changes  from  S  to 
Al^gLi.  When  supersaturated  Al-Li-Mg  alloys  of  practical  interest  are  aged  at 
temperatures  below  about  240°C,  the  precipitation  sequence  occurs  as  follows: 

orjS  -  a.  +  S'  -  aB  +  S'  +  Al^gLi  -  ae  +  Al^gLi 

where  ass,  a  ,  and  oe,  refer  to  the  supersaturated,  the  metastable  and  the  equilibrium  a 
solid  solutions,  respectively. 

The  6 *  phase  that  forms  in  Al-Mg-Li  alloys  is  similar  to  that  which  occurs  in  the 
Al-Li  binary.  AlpMgLi  has  a  cubic  o-Mn  crystal  structure  and  forms  as  rods  along  the  <110> 
directions  of  the  matrix  (19) .  This  phase  is  incoherent  with  the  matrix,  and  nucleates 
predominately  along  the  grain  boundaries,  dislocations  and  other  structural 
inhomogeneities.  Figure  6.  consequently,  it  does  not  contribute  to  precipitation 
hardening.  Al3Li  is  the  only  phase  responsible  for  the  strength  of  Al-Li-Mg  alloys,  with 
the  magnesium  contributing  to  some  solid  solution  hardening  (21) .  Therefore,  the 
deformation  behavior  is  coarse-planar,  similar  to  that  which  occurs  in  Al-Li  binary  alloys, 
and  the  extensive  strain  localization  that  develops  during  deformation  leads  to  premature 
failure.  The  lithium-rich  AljMgLi  phase  that  precipitates  along  grain  and  subgrain 
boundaries  results  in  the  formation  of  S'  PFZ’s  during  prolonged  artificial  aging.  As 
discussed  previously,  these  zones,  and  their  associated  coarse  grain  boundary  precipitates, 
have  deleterious  effects  on  ductility,  fracture  toughness,  and  possibly  corrosion 
resistance  (18). 

Al-Li-Cu:  The  addition  of  copper  decreases  the  maximum  solid  solubility  of  lithium 
in  aluminum  at  all  temperatures  (5) .  Copper  in  solid  solution  does  not  influence  the  basic 
character  of  the  S'  precipitation  reaction  (22),  but  it  does  introduce  additional 
beneficial  precipitation  reactions  that  occur  independent  of  the  S'  reaction.  The  nature 
of  the  metastable  and  equilibrium  phases  that  form  within  this  alloy  system  have  been  shown 
to  be  dependent  on  the  Cu:Li  ratio  and  the  aging  temperature  (5).  For  example,  during 
aging  at  temperatures  typical  of  commercial  aging  practices  (120°  to  200°C)  the 
decomposition  of  the  solid  solution  in  a  2090  type  alloy  (Al-2.2Li-2.7Cu-0.12Zr)  results 
in  the  formation  of  the  metastable  e*  (Al.Cu-the  primary  strengthening  phase  in  Al-Cu 
alloys)  and  the  equilibrium  T,  phase  (Al2CuLi) (5, 23, 24) .  Al2Cu  has  not  been  observed  for 
Cu:Li  ratios  less  than  approximately  1.3.  Al2Cu  has  a  tetragonal  crystal  structure  and  the 
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precipitates  form  as  platelets  parallel  to  the  (100)  planes  of  the  matrix.  T,  has  a 
hexagonal  crystal  structure  with  a  -  0.497  and  c  *=  0.934  nm  and  also  forms  as  thin 
platelets  but  with  a  {111}  habit  plane.  In  commercial  Al-Li-Cu  alloys  such  as  2090,  T,  is 
the  predominant  copper  bearing  strengthening  phase  present  after  artificial  aging  to  the 
near  peak  strength  condition,  although  0*  may  be  present  to  a  lesser  degree.  Figure  7  is 
a  TEM  of  a  2090-type  alloy  showing  the  complex  precipitate  structure  after  aging  to  peak 
strength . 


Figure  6.  Bright-field  micrograph  showing  the  preferential  nucleation  of  rod-like  AljMgLi 
phase  precipitates  in  a  peak-aged  Al-2Li-4Mg-0 . 12Zr  alloy  (Courtesy  of  G.H.  Narayanan). 


Figure  7.  Transmission  micrographs  of  Al-2.4Li-2.43Cu-0.18Zr  alloy  solution  heat  treated 
at  773K  and  aged  24h  at  463K  showing  a  complex  precipitate  structure  that  includes  0',  T,, 
6',  and  Al3Zr  (0‘).  (a)  Bright  field,  (b)  dark  field  of  one  variant  of  the  T,  precipitates 
(Courtesy  of  W.A.  Cassada) . 


Both  Tt  and  0’  nucleate  heterogeneously  on  dislocations  and  low  angle  grain 
boundaries,  and  other  substructural  features,  Figure  8.  Al3Li  normally  is  the  first 
precipitate  that  forms  during  the  aging  of  Al-Li-Cu  alloys  having  compositions  of 
commercial  interest.  Subsequent  precipitation  of  T,  and  e1  may  reduce  the  volume  fraction 
and  alter  the  distribution  of  6'  since  T,  incorporates  lithium  and  artificial  aging  may 
result  in  some  reversion  and  reprecipitation  of  6’.  Although  Noble  and  Thompson  (23) 
and  Gregson  and  Flower  (25)  have  suggested  that  growth  of  the  T,  platelets  is  sustained  by 
lithium  from  solid  solution  rather  than  dissolution  of  the  6 •  particles,  Sanders  (26)  has 
clearly  shown  that  during  growth  the  T,  precipitates  cut  through  the  6*  precipitates  and 
may  consume  them.  Figure  9.  Reducing  the  volume  fraction  of  6*  is  beneficial  in  reducing 
the  degree  of  strain  localization  (14). 


Figure  8.  Weak  beam  dark  field  image  showing  the  preferential  nucleation  of  T,  on  matrix 
dislocations  (Courtesy  of  G.H.  Narayanan). 


Figure  9.  Dark-field  micrograph  showing  T1  precipitates  cutting  through  and  consuming 
Al3Li  precipitates  (Courtesy  of  T.H.  Sanders,  Jr.). 
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Apart  from  the  metastable  e1  and  equilibrium  T,  precipitates,  the  addition  of  copper 
also  introduces  another  copper-containing  phase,  T2,  having  the  stoichiometry  of  Al6CuLi5 
(5)  which  nucleates  predominately  on  high  angle  boundaries.  Electron  (27-30)  and  x-ray 
diffraction  (29)  analyses  of  this  phase  provide  strong  evidence  that  Tz  displays  five  fold 
icosahedral  symmetry.  The  formation  of  the  T,  phase  particles  (which  are  richer  in  lithium 
than  tf')  along  the  grain  boundaries  lead  to  the  development  of  S'  PFZ's  adjacent  to  these 
boundaries,  Figure  10,  with  concomitant  reduction  in  ductility  and  fracture  toughness. 
Cassada  et  al.  (29)  have  shown  that  in  2090-type  Al-Li  alloys  the  T2  phase  is  stable  over 
the  temperature  range  of  170°-520°C.  Consequently,  grain  boundary  precipitation  of  this 
phase  should  be  anticipated  in  products  that  are  slowly  cooled  or  aged  at  temperatures 
above  170°C. 


Figure  10.  Micrographs  illustrating  grain  boundary  precipitates  and  associated  PFZ:  (a) 
Bright-field  micrograph  with  T?  grain  boundary  precipitates  with  five-fold  diffraction 
symmetry  arrowed.  (b)  Al3Li  dark  field  showing  the  location  of  grain  boundary  and  grain 
boundary  precipitates  (Courtesy  of  W.A.  Cassada) . 

Early  work  by  Price  and  Kelly  (31)  on  Al-Cu  single  crystals  aged  to  precipitate  9' 
indicated  that  O'  was  not  sheared  but  was  looped  and  bypassed  by  moving  dislocations  in 
accordance  with  the  Orowan  model  of  strengthening.  However,  Starke  and  Lin  (32)  clearly 
showed  that  when  the  Al-Cu-Li  alloy  2020  was  aged  to  peak  strength,  where  both  0'  and  S' 
were  present,  deformation  occurred  by  coarse  planar  slip.  Huang  and  Ardell  (33)  obtained 
indirect  evidence  that  T.  is  looped  and  bypassed  by  glissile  dislocations,  confirming  an 
earlier  suggestion  by  Sainfort  and  Guyot  (34) .  The  former  authors  aged  an  Al-Li-Cu  alloy 
to  produce  6 '  and  then  applied  a  reversion  treatment  to  eliminate  5'.  However,  Jata  and 
Starke  (35)  showed  direct  evidence  of  T,  shearing  in  an  Al-Li-Cu  alloy  which  also  contained 
9'  and  6'  precipitates.  Shearing  of  T,  and  0'  when  6 '  is  present  may  result  from  the 
superdislocations  associated  with  6*  having  a  pileup  force  sufficient  to  shear  these 
partially  coherent  precipitates. 

Although  both  0*  and  T,  may  be  sheared  in  the  presence  of  6',  they  do  appear  to 
decrease  the  extent  of  strain  localization  that  occurs  in  binary  Al-Li  alloys.  The 
resistance  that  a  shearable  strengthening  precipitate  offers  to  a  glissile  dislocation 
depends  on  a  number  of  factors  which  include  the  coherency  strain  field,  the  interfacial 
energy,  the  internal  structure  of  the  precipitate,  etc.  For  ordered  precipitates,  such 
as  6 ' ,  the  strengthening  mechanism  associated  with  the  internal  structure  is  reduced  by 
shearing.  The  small  lattice  misfit  (-0.18%) (15)  and  the  small  interfacial  energy  (180 
ergs/ cm2)  (36)  between  6*  and  the  matrix  suggest  that  these  strengthening  mechanisms  are 
not  important  for  6 1 .  However,  the  much  larger  miafita  and  interfacial  energies  between 
0',  T1  and  the  matrix  suggest  that  these  strengthening  mechanisms  do  operate  when  these 
precipitates  are  present.  Neither  strengthening  mechanism  is  as  effectively  destroyed  by 
particle  shearing  as  is  order  strengthening  and,  therefore,  the  tendency  for  strain 
localization  by  work  softening  on  the  glide  plane  is  reduced  when  6*  and  Tt  are  present. 

Al-Li-Cu-Mg:  When  magnesium  is  added  to  Al-Li  alloys  containing  copper,  matrix 
precipitation  of  S'  (Al2CuMg)  occurs.  The  exact  nature  of  the  phase  equilibria  of  the 
quaternary  Al-Li-  Cu-Mg  alloys  depends  on  the  relative  concentrations  of  all  three  alloying 
elements.  For  example,  the  addition  of  small  amounts  (0.5  to  1.0  wt.%)  of  magnesium  to 
a  high  copper  alloy  such  as  2090  suppresses  the  formation  of  0'  and  introduces  the  S'  phase 
(37).  Since  S'  contains  no.  lithium  6 *  precipitation  is  not  markedly  influenced  by  the 
magnesium  addition  and  T,  remains  the  dominant  secondary  phase  in  such  an  alloy.  For 
alloys  such  as  Al-3Cu-l.6Li-0.8Mg  little  or  no  $'  forms  and  there  appears  to  be  equal 
amounts  of  T,  and  S'  (37).  In  higher  lithium  -  lower  copper  alloys  such  as  8090,  S',  which 


precipitates  with  5*  and  a  small  amount  of  T1#  becomes  the  dominant  Cu-bearing  phase 
(25/38) ,  Figure  11.  As  the  magnesium  to  copper  ratio  is  progressively  increased,  the 
precipitation  of  T,  is  fully  suppressed  and  S'  becomes  the  primary  Cu-bearing  strengthening 
phase.  This  is  the  case  for  2091  which  has  a  nominal  composition  of 
Al-2Li-2.2Cu-l.5Mg-0.8Zr  (39,40).  When  the  concentration  of  magnesium  exceeds  that  of 
copper  the  AljMgLi  phase  may  precipitate  in  addition  to  S'  (41). 

The  S'  phase  has  an  orthorhombic  crystal  structure  (a  =  0.405  run?  b  =  0.905  nm?  c  = 
0.72  nm)  and  forms  initially  as  rods  or  needles  aligned  along  the  <100>  directions  in  the 
matrix.  The  precipitates  are  partially  coherent  with  the  matrix  and  show  a  strong  tendency 
for  heterogeneous  nucleation  along  matrix  dislocations,  low  angle  grain  boundaries  and 
other  structural  inhomogeneities.  However,  unlike  the  case  of  T,  precipitation,  the 
heterogeneous  precipitation  of  S'  does  not  result  in  PFZ’s  along  either  low  or  high  angle 
grain  boundaries.  A  T2-type  phase  (possibly  Al6Cu(LiMg)3)  has  been  observed  on  grain 
boundaries  of  8090-type  alloys  and,  similar  to  such  precipitation  in  Al-Li-Cu  alloys,  it 
does  result  in  PFZ’s.  The  combination  of  these  microstructural  features  may  lead  to  low 
ductility,  fracture  toughness,  and  corrosion  resistance  although  the  presence  of  S’  in  the 
matrix  certainly  minimizes  these  effects.  Crooks  et  al.  (42)  and  Crooks  and  Starke  (37) 
have  clearly  shown  that  when  S'  is  present  in  Al-Li-Cu-Mg  alloys  strain  localization  is 
suppressed  indicating  that  the  precipitate  is  not  sheared  by  glissile  dislocations.  These 
observations  were  later  confirmed  by  Gregson  and  Flower  (25).  The  S'  precipitates  do  not 
have  densely  packed  slip  planes  parallel  to  the  matrix  slip  planes  and  are,  therefore, 
unlikely  to  be  penetrated  by  dislocations  (25) . 

A  schematic  representation  of  the  various  phases  found  in  basic  as  well  as  the  more 
complex  Al-Li-X  systems  that  encompass  modern  Al-Li  alloys  is  shown  in  Figure  12. 


Figure  11.  Micrographs  of  the  S*  and  T,  precipitates  in  an  8090  alloy:  B  =  001.  (a) 

Bright  field,  (b)  Dark  field  (Courtesy  of  R.  Sinko) . 
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in  various  heat  treatment  conditions. 
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Figure  12.  A  schematic  illustration  of  the  precipitate  phases  that  form  in  Al-Li-X  alloys 
(from  Narayanan  and  Quist) . 


EFFECT  OF  PROCESSING  ON  MICROSTRUCTURE  DEVELOPMENT  AND  PROPERTIES 

As  mentioned  previously,  the  first  Al-Li-X  alloys  that  were  developed  for 
commercialization  suffered  from  low  ductility  and  fracture  toughness.  These  problems  were 
primarily  associated  with  strain  localization  and  grain  boundary  precipitates,  and  alloying 
additions  and  processing  methods  were  selected  to  minimize  these  problems.  A  variety  of 
production  methods,  including  rapid  solidification  and  powder  metallurgy  consolidation, 
mechanical  alloying,  and  ingot  casting  have  been  used  for  the  development  of  the  new  Al-Li 
alloys.  Rapid  solidification  and  mechanical  alloying  were  used  as  a  means  of  reducing  the 
grain  size  and  extending  solid  solubility;  however,  ingot  casting  has  proven  to  be  the 
most  feasible  method  for  the  production  of  large  plate  and  extrusion  products  and  is  being 
used  for  the  alloys  that  are  currently  in  commercial  production.  However,  powder 
metallurgy  methods,  including  mechanical  alloying,  may  offer  advantages  for  certain  product 
forms  such  as  forgings. 

Processing  begins  with  homogenization  to  reduce  segregation,  remove  the  low-melting 
nonequilibrium  phases,  and  thus  impiove  workability.  This  thermal  treatment  also  serves 
to  precipitate  the  dispersoid-forming  elements,  such  as  those  containing  zirconium,  so  that 
they  may  perform  their  role  of  grain  control  during  subsequent  processing.  One  must  be 
very  careful  in  going  to  the  final  homogenization  temperature  to  ensure  that  the 
low-melting  phases  are  dissolved  before  their  melting  temperatures  are  reached.  A  heating 
rate  of  lOX/hr  from  315°C  to  the  normal  homogenization  temperature  of  543°C  is  frequently 
used.  The  atmosphere  used  in  the  homogenization  treatment  should  be  relatively  dry  in 
order  to  minimize  oxidation  and  hydrogen  pickup.  One  also  needs  to  be  concerned  about 
lithium  loss  from  the  surface  (43) .  The  homogenization  treatment  is  followed  by  hot 
working  for  ingot  breakdown  and  shape  change  to  the  appropriate  product  form.  The  wrought 
product  is  then  solution  heat  treated,  quenched,  possibly  worked,  and  aged  to  develop  the 
desired  microstructure.  The  temperature,  amount  of  deformation  prior  to  aging,  etc., 
depend  on  the  alloy  composition  and  the  final  raicrostructure  and  properties  that  are 
desired. 

Density  and  Elastic  Modulus: 

Lithium  is  the  lightest  metallic  element  and,  with  the  exception  of  beryllium,  is  the 
only  metal  that  both  increases  the  modulus  and  reduces  the  density  when  alloyed  with 
aluminum.  Although  the  presence  of  heavier  elements  such  as  copper  will  somewhat  offset 
the  density  advantage  afforded  by  lithium,  the  overall  reduction  in  density  achieved  will 
still  be  dominated  by  the  amount  of  lithium  added  (44),  Figure  13.  Several  investigators 
have  developed  empirical  equations  to  predict  alloy  densities  from  known  composition.  One 
such  formula  by  Peel  et  al.  (38)  is  as  follows: 


Density  (g/cc)  =  2.71  +  0.024%Cu  +  0.018%Zn  +  0.022%Mn 
-0 . 079%Li  -  0 . 01%Mg  -  0.004%Si. 

In  this  equation  the  elemental  concentrations  are  expressed  in  weight  percent. 

The  modulus  enhancement  of  aluminum  by  lithium  additions  is  due  to  both  solid  solution 
effects  as  well  as  to  the  precipitation  of  lithium  bearing  compounds,  and  will  change 
relative  to  both  the  amount  of  lithium  added  and  the  prior  thermal  treatment  (45,46). 
Copper  has  a  slight  beneficial  effect  and  magnesium  a  slightly  negative  effect  on  the 
modulus  of  aluminum  (47,48).  Recent  studies  by  O’Dowd  et  al.  (49)  for  2090-type  alloys 
and  Broussaud  and  Thomas  (50)  for  Al-Li  binary  alloys  have  shown  that  a  maximum  in  modulus 
occurs  just  prior  to  the  peak  strength  condition,  Figure  14.  Using  the  law  of  mixtures 
and  a  modulus  for  aluminum  of  80.7  GPa  O' Dowd  et  al*  calculated  a  modulus  for  5'  of  97  GPa 
and  a  raodiilus  for  T,  of  approximately  350  GPa.  They  observed  a  sharp  drop  in  modulus  with 
the  precipitation  of  the  icosahedral  T2  phase.  Their  data  suggested  that  T2  has  an 
extremely  low  intrinsic  modulus  and  is  very  detrimental  to  the  elastic  properties  of 
Al-Li-Cu  alloys.  Figure  15  shows  a  comparison  of  the  modulus  of  elasticity  of  several 
Al-Li-X  and  baseline  aluminum  alloys  (51) . 
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Figure  13.  A  comparison  of  densities  for  several  Al-Li  and  conventional  alloys  (From 
Wakeling,  reference  51) . 


Figure  14.  Young's  modulus  versus  aging  time  at  190°C  for  an  Al-2.31Li-2.24Cu-0.16Zr 
alloy.  Precipitation  occurs  as  indicated  on  the  figure  (From  O'Dowd  et  al.,  reference  49). 
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Figure  15.  A  comparison  of  Young’s  modulus  for  several  Al-Li  and  conventional  alloys  (From 
Wakeling,  reference  51). 


Grain  Structure  and  Crystallographic  Texture: 

Starke  and  Lin  (32)  showed  that  grain  structure  and  texture  can  have  a  significant 
effect  on  the  ductility  of  aluminum-lithium  alloys.  They  related  the  poor  ductility  and 
fracture  toughness  of  a  2020  alloy  plate  product  to  a  partially  recrystallized  structure, 
very  large  recrystallized  grains,  and  a  high  volume  fraction  of  large  inclusions.  They  were 
able  to  significantly  improve  the  ductility  of  2020  by  thermomechanical  treatments  that 
produced  either  a  completely  recrystallized  structure  with  small  recrystallized  grains  or 
a  completely  unrecrystallized  structure  with  a  sharp  deformation  texture.  Subsequently, 
Lin  (52)  showed  that  when  PFZ's  are  present  the  grain  aspect  ratio  of  the  recrystallized 
grains  also  has  a  major  effect  on  the  deformation  behavior  and  fracture  mode. 

For  alloys  that  deform  by  planar  slip  and/or  have  soft  PFZ’s,  e.g.,  2020,  large 
recrystallized  grains  result  in  long  slip  lengths  which  produce  large  stress  concentrations 
at  grain  boundaries  and  enhance  low-energy  intergranular  fracture.  Deformation  is 
localized  within  the  PFZ  only  when  this  region  is  favorably  oriented  for  slip.  This  is 
always  the  case  for  equiaxed  grains  but  occurs  with  less  frequency  for  elongated  grains 
when  the  stress  axis  is  parallel  to  the  long  grain  dimension.  Grain  boundary 
misorientation,  i.e.,  texture,  also  plays  a  role  in  determining  slip  length  and  type  of 
fracture.  Grain  boundaries  can  be  a  major  barrier  to  slip  if  the  misorientation  is  large, 
which  is  the  usual  case  for  recrystallized  aluminum  alloys.  However,  grain  boundaries  may 
not  inhibit  slip  if  the  misorientation  is  small,  e.g.,  for  unrecrystallized  materials  with 
sharp  deformation  textures  (53)  (this  is  the  situation  for  most  Al-Li  alloy  products) . 
The  deformation  process,  i.e.,  the  operative  slip  system(s),  strongly  depends  on  the 
crystal  orientation.  Shape  accommodation,  due  to  the  constraint  of  material  flow,  varies 
with  the  crystal  orientation  and  the  misorientation  between  adjacent  grains. 

Small  grains  and  large  misorientations  enhance  multiple  slip  due  to  von  Mises 
criterion,  which  may  reduce  stress  concentrations  at  grain  boundaries  and  the  incidence 
of  intergranular  fracture.  However,  when  the  grain  size  is  larger  than  some  critical 
value,  (which  depends  on  the  strength  of  the  boundary,  the  degree  of  slip  planarity,  etc.) 
a  large  misorientation  produces  an  effective  barrier  to  slip,  resulting  in  a  stress 
concentration  which  may  increase  the  incidence  of  intergranular  fracture.  A  sharp 
deformation  texture  enhances  slip  continuity  across  grain  boundaries  and  increases  the 
probability  of  higher  energy  transgranular  fracture.  However,  if  slip  is  coarse-planar 
and  strain  localization  extensive,  the  fracture  toughness  may  be  low  even  though  the 
fracture  mode  is  transgranular  (25)  . 

The  desired  grain  structure  may  depend  on  the  stress  condition  (54) .  Plane  stress 
fracture  toughness  is  believed  to  be  controlled  by  the  amount  of  plastic  deformation 
occurring  in  a  large  plastic  zone  and  a  fine  recrystallized  grain  structure  aids  in 
producing  a  maximum  amount  of  plastic  deformation.  On  the  other  hand,  plane  strain 
fracture  toughness  may  be  more  influenced  by  grain  boundary  particles  and  increased 
toughness  may  result  from  a  large  grain  boundary  spacing.  In  Al-Li  alloys  these  effects 
are  particularly  important,  and  it  is  found  that  sheet  material  with  an  unrecrystallized 
fine  grain  size  often  produce  the  highest  plane  stress  toughness  whereas  unrecrystallized 
coarse  grained  thick  section  material  is  best  for  high  plane  strain  fracture  toughness 
(54). 


In  addition  to  its  effect  on  deformation  and  fracture  modes,  texture  may  have  a 
significant  effect  on  strength  as  predicted  by  the  Taylor  relationship:  o  -  Mr,  where  a 
is  the  yield  strength,  r  the  critical  resolved  shear  strength  on  (111)  planes  and  M  an 
orientation  factor  which  averages  the  distribution  of  grain  orientations.  When  this 
distribution  is  isotropic,  M  *  3.  The  textures  produced  in  aluminum  alloys  depend  on  a 
variety  of  parameters  which  include  alloy  content,  precipitate  structure  and  deformation 
mode,  grain  size  and  shape,  starting  texture,  degree  of  recrystallization,  directionality 
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of  deformation,  and  temperature  of  deformation.  The  crystallographic  texture  usually  cannot 
be  simply  described  since  it  may  consist  of  a  number  of  deformation  and  recrystallization 
components. 

Commercial  aluminum-lithium  alloys  normally  have  very  strongly  developed  textures  with 
resultant  anisotropic  properties  (55-64) .  Both  Al-Li-Cu-Zr  and  Al-Li-Cu-Mg-Zr  alloys 
exhibit  pronounced  yield  stress  and  ductility  anisotropy  in  sheet,  plate,  and  extruded 
products.  In  sheet  products  the  texture  is  normally  uniform  throughout  the  thickness  and 
the  mechanical  properties  only  vary  with  angle  of  the  stress  axis  to  the  rolling  direction 
(64),  Figure  16.  However,  in  thicker  products,  e.g.,  plate  and  extrusions,  the  texture 
may  vary  throughout  the  thickness  resulting  in  an  additional  anisotropy,  Figure  17  (62) . 
Some  of  the  through-thickness  texture  variation  is  usually  associated  with  a  limited  amount 
of  recrystallization  that  normally  occurs  near  the  surface.  In  addition  to  anisotropic 
effects  due  to  crystallographic  texture,  variation  in  properties  throughout  a  product  may 
be  due  to  variations  in  volume  fraction  and  distribution  of  the  strengthening  and  grain 
boundary  precipitates  (13).  Rapid  heat-up  rates  during  solution  heat  treatment,  e.g., 
associated  with  salt  baths,  may  decrease  the  degree  of  anisotropy.  Figure  16  (64). 


Angle  of  Teat,  deg. 

Figure  16.  The  mechanical  properties  of  Al-Li  alloy  8090  as  a  function  of  solution  heat 
treatment  practice  and  angle  to  the  rolling  direction  (From  Reynolds  et  al.,  reference  64)  . 


The  sharp  textures  that  occur  in  Al-Li-X-Zr  alloys  are  stror~ly  associated  with  the 
use  of  zirconium  as  a  grain  refiner  and  recrystallization  inhibit*.  In  addition,  lithium 
probably  has  a  contributory  effect  (65).  Unless  special  procedures  are  applied  no 
significant  amount  of  recrystallization  occurs  in  Al-Li-X-Zr  alloys  during  ingot  breakdown 
or  subsequent  thermomechanical  processing,  including  intermediate  anneals  and  solution  heat 
treatments.  This  results  in  a  very  well  defined  deformation  texture  and  the  consequential 
effects  mentioned  previously.  Cross  rolling  may  spread  the  predominant  poles  and  decrease 
the  degree  of  anisotropy  (12,58).  As  noted  earlier,  recrystallization  textures  normally 
lead  to  more  isotropic  properties  and  a  very  fine  recrystallized  grain  size  offers 
advantages  under  plane  stress  conditions  (assuming  grain  boundary  effects  do  not  dominate)  . 
Sheet  products  of  two  alloys,  2091  and  8090,  which  are  being  marketed  in  the  recrystallized 
condition  to  optimize  their  plane  stress  fracture  toughness. 

Alloying  additions  and/or  micros tructural  features  that  homogenize  deformation 
normally  reduce  the  effect  that  a  sharp  texture  has  on  property  variations.  Although 
Hirsch  et  al.  (60)  have  shown  that  some  control  over  texture  may  be  obtained  by  controlling 
the  initial  texture,  grain  shape  and  aging,  the  anisotropy  of  properties  associated  with 
the  texture  of  commercial  Al-Li-X  alloys  is  still  a  major  problem  and  production  methods 
need  to  be  developed  to  produce  the  desired  texture  in  all  product  forms. 


Quench  Sensitivity  and  Grain  Boundary  Precipitates: 

The  primary  purpose  of  quenching  age-hardenable  aluminum  alloys  is  to  maintain  a  large 
degree  of  supersaturation  of  solute  atoms  homogeneously  distributed  in  solid  solution. 
This  permits  precipitation  of  an  optimum  concentration  and  distribution  of  hardening 
particles  during  the  aging  treatment.  As  quench  rates  decrease,  more  time  is  allowed  for 
solute  atoms  to  migrate  to  grain  boundaries  or  precipitate  as  matrix  phases.  Grain 
boundaries  act  as  heterogeneous  nucleation  sites  by  reducing  the  free  energy  barrier  to 
nucleation  (66) .  When  thermodynamic  and  kinetic  demands  are  satisfied,  precipitation  can 
occur  along  the  grain  boundary  and  enhance  intergranular  cracking,  grain  boundary 
decohesion  and  premature  material  failure  (43). 

Slow  quench  rates  are  unavoidable  in  very  thick  plate  or  heavy  section  forgings  and 
under  such  conditions  precipitation  of  grain  boundary  phases  may  occur.  Levis  et  al.  (13) 
have  shown  that  when  8090  is  quenched  from  the  solution  treatment  temperature  at  rates 
slower  than  10°C/sec,  precipitation  of  the  icosahedral  t2  phase  occurs  at  high  angle  grain 
boundaries.  These  brittle  precipitates  can  lead  to  low  fracture  toughness  by  acting  as 
stress  risers  and  preferential  sites  for  microvoid  nucleation  and  growth  (67). 
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Figure  17.  (a)  Through  thickness  variation  in  longitudinal  yield  stress,  (b)  Through 
thickness  variation  in  intensity  of  texture  components,  (c)  Variation  in  the  calculated 
Taylor  factor  (M)  through  the  thickness  (From  Vasudevan  et  al.,  reference  62). 


Colvin  and  Starke  (68)  have  determined  time-temperature-  transformation  diagrams  for 
the  precipitation  of  both  the  T2  and  S  phases  for  two  compositional  variants  of  8090, 
Figure  18.  A  solute-rich  Al-2.58Li-l.36Cu-0.9Mg-0.13Zr  alloy  exhibited  a  greater 
sensitivity  to  quenching  rates  than  did  a  solute-lean  Al-2.28Li-0.86Cu-0.9Mg-0.13Zr  alloy. 
Colvin  and  Starke  related  the  precipitation  of  the  T2  and  S  phases  with  the  fracture 
toughness  of  the  alloy.  Figure  19,  and  concluded  that  T2  was  the  principal  cause  for  the 
loss  of  mechanical  properties  in  poorly  quenched  8090.  Staley  (69)  has  recently  determined 
TTT  diagrams  and  related  mechanical  properties  for  2090  and  has  found  results  similar  to 
those  obtained  for  8090. 

Strengthening  Precipitates: 

Engineering  properties  important  in  the  design  of  Al-Li  alloys  for  aerospace 
applications  include  a  proper  balance  between  strength,  ductility,  fracture  toughness, 
fatigue  resistance,  formability,  and  corrosion  resistance.  The  volume  fraction,  size, 
spacing,  and  distribution  of  the  strengthening  precipitates  are  important  raicrostructural 
features  that  impact  all  ot  these  properties.  Processing  of  the  wrought  product  to 
optimize  the  microstructure  and  properties  begins  with  the  proper  selection  of  the  solution 
heat-treatment  temperature.  This  treatment  should  ensure  that  the  maximum  amount  of  solute 
has  been  put  in  solid  solution  and  that  the  rate  of  heat-up  and  maximum  temperature  does 
not  result  in  nonequilibrium  eutectic  melting  (70)  .  For  most  Al-Li-X  alloys  the  maximum 
solution  heat  treatment  temperature  has  been  determined  to  be  approximately  545°C  (43)  . 
The  solution  heat  treatment  is  followed  by  a  quench  which  should  be  sufficiently  rapid  to 
prevent  deleterious  precipitation  of  grain  boundary  phases,  as  discussed  previously, 
without  causing  quench  residual  stresses  that  will  produce  warping.  The  warping  issue  is 
more  serious  than  with  normal  aluminum  alloys  due  to  the  relatively  high  solution  treatment 
temperatures  and  low  thermal  conductivity  associated  with  Al-Li  alloys. 

Quenching  is  often  followed  by  some  type  of  cold  work  in  order  to  redistribute  the 
quenched  in  residual  stresses.  However,  for  Al-Li-Cu  and  Al-Li-Cu-Mg  alloys  that  contain 
e,  T, ,  and  S'  strengthening  precipitates,  cold  work  prior  to  aging  is  used  in  conjunction 
with  the  aging  temperature  to  control  the  distribution  of  the  precipitates.  Deformation 
prior  to  aging  increases  the  dislocation  density  and  thereby  the  number  of  nucleating  sites 
for  heterogeneous  precipitation.  Since  the  dislocations  would  also  be  in  the  vicinity  of 


w 


T 


1 


the  grain  boundary,  precipitation  of  the  strengthening  precipitates  would  be  encouraged 
in  this  region,  thus  minimizing  the  probability  of  PFZ  formation.  Dislocations  are  most 
effective  as  nucleation  sites  for  those  precipitates  that  have  large  interfacial  energies 
and/or  strains,  e.g.,  6',  T,  and  S',  but  have  no  significant  effect  on  the  nucleation  of 
S  1  . 


Figure  18.  Time-temperature-transformation  curves  showing  volume  percents  of  T2  and  S 
phases,  (a)  T2  for  Al-2 . 58Li~l . 36Cu-0.9Mg-0 . 13Zr  (rich)  alloy;  (b)  T2  for  Al-2 . 28Li-0. 86Cu- 
0.9Mg-0. 13Zr  (lean)  alloy;  (c)  S  for  the  rich  alloy  and  (d)  S  for  the  lean  alloy  (From 
Colvin  and  Starke,  reference  68) . 
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Figure  19.  Iso  mechanical  lines  showing  the  percent  loss  of  Charpy  energy  values  as  a 
function  of  time  at  various  temperatures  (a)  rich  8090  alloy  and  (b)  lean  8090  alloy  (From 
Colvin  and  Starke,  reference  68) . 
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Figure  20(a)  shows  the  effects  of  different  amounts  of  deformation  prior  to  aging  on 
the  number  density  of  the  T,  precipitates  formed  during  aging  for  various  times  at  190°C 
(71).  Since  strength  is  related  to  the  precipitate  structure,  there  is  a  corresponding 
effect  on  strength,  as  shown  in  Figure  20(b).  The  significance  of  this  data  relates  to 
commercial  processing  and  different  product  forms,  since  a  nonuniform  distribution  of 
deformation  prior  to  aging  can  result  to  wide  variances  in  strength  within  a  product.  Some 
product  forms,  such  as  complex  forgings  and  those  formed  by  superplastic  deformation,  are 
not  easily  conducive  to  cold  deformation  prior  to  aging.  Consequently,  there  is  interest 
in  examining  heat  treatment  procedures  and/or  alloying  additions  that  may  aid  in  the 
nucleation  of  the  strengthening  precipitates  in  a  way  that  is  similar  to  the  effect  of 
dislocations. 

Lewis  et  al.  (13)  have  improved  the  fracture  toughness  and  stress  corrosion  resistance 
of  8090  by  aging  at  150°C  instead  of  the  commonly  used  190°C.  Pitcher  (72)  has  recently 
shown  that  a  slow  heat-up  rate  to  the  aging  temperature  can  lead  to  a  better  balance  of 
tensile  strength  and  toughness  in  8091  than  a  rapid  heat-up  rate  when  deformation  prior 
to  aging  is  impossible.  He  relates  the  enhanced  precipitation  of  S'  to  the  release  of 
vacancies,  as  the  <5*  precipitates  grow  during  the  slow  heat  up.  These  vacancies  assist  the 
formation  of  homogeneous  S'.  A  slow  heat-up  rate  has  the  same  effect  as  a  duplex  age, 
i.e.,  at  a  low  temperature  followed  by  aging  at  a  high  temperature.  Both  a  slow  heat-up 
rate  to  the  aging  temperature  and  a  low  -*  high  temperature  duplex  age  are  common  practices 
for  7XXX  alloys.  Recent  studies  by  Blackburn  et  al.  (73)  have  demonstrated  that  small 
additions  of  indium  to  2090  can  aid  in  the  nucleation  of  both  T,  and  0'.  This  has  an 
effect  similar  to  a  3  to  4%  stretch,  when  compared  with  an  indium-free  alloy. 

Ashton  et  al.  (43)  have  established  that  a  combination  of  cold  work  (up  to  7%)  prior 
to  aging  and  a  low  aging  temperature  can  significantly  improve  the  strength-toughness 
relationship  in  both  2090  and  8091.  The  combined  effect  of  stretch,  aging  time,  and  aging 
temperature  on  yield  strength  and  toughness  is  shown  in  Figures  21  and  22.  As  mentioned, 
deformation  increases  the  number  of  nucleation  sites  for  0',  T,  and  S'.  Lowering  the  aging 
temperature  inareases  the  degree  of  supersaturation  and  the  driving  force  for  nucleation 
of  the  strengthening  precipitates.  Consequently,  higher  strengths  than  realized  at  higher 
aging  temperatures  may  be  obtained.  In  addition,  since  diffusion  rates  are  decreased,  the 
size  and  volume  fraction  of  the  grain  boundary  precipitates  are  also  decreased,  which 
produces  an  improvement  in  the  fracture  toughness. 


Figure  20.  Effect  of  stretch  on  the  precipitation  and  strength  of  an  Al-2.4Li-2.4Cu-0.18Zr 
alloy.  (a)  Humber  density  of  T1  as  a  function  of  aging  time  at  463K  for  various  degrees 
of  stretch  prior  to  aging  and  (b)  corresponding  yield  strength  vs.  aging  time  (From 
Cassada,  Shiflet  and  Starke,  reference  71). 
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Figure  21.  Effect  of  percent  stretch  and  aging  practice  on  the  yield  strength  and  Charpy 
impact  energy  of  2090  plate.  (a)  L  orientation,  (b)  LT  orientation  (From  Ashton  et  al. 
reference  43). 
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Figure  22.  Effect  of  percent  stretch  and  aging  practice  on  the  yield  strength  and  Charpy 
impact  energy  of  8091  plate.  (a)  L  orientation,  (b)  LT  orientation  (From  Ashton  et  al., 
reference  43) . 


In  general,  for  alloys  that  contain  a  low  volume  fraction  of  constituent  phases  and 
grain  boundary  precipitates,  the  fracture  toughness  is  controlled  by  the  deformation 
behavior,  being  maximized  when  deformation  is  homogeneous  (35) .  Jata  and  Starke  (35) 
showed  that  the  fracture  toughness  variation  with  aging  time  can  be  quantitatively  related 
to  the  changes  in  slip  planarity,  i.e.,  the  fracture  toughness  decreases  as  the  slip  band 
width  decreases  and  the  slip  band  spacing  increases.  They  also  determined  (75)  that  slip 
localization  decreases  with  decreasing  temperature,  thus  explaining  the  major  reason  for 
the  large  improvement  in  fracture  toughness  with  decreasing  temperature.  The  higher 
fracture  toughness  at  cryogenic  temperatures  has  also  been  attributed  to:  (a)  low  melting 
point  grain  boundary  phases  which  solidify  at  low  temperatures  and  remain  liquid  at  room 
temperature  (75,76),  (b)  a  larger  number  of  crack  delaminations  perpendicular  to  the  short 
transverse  direction  or  perpendicular  to  the  fracture  surface  in  an  L-T  oriented  specimen 
(77,78)  and  in  plane  crack  deflections  (78)  and  (c)  higher  strain  hardening  capacity  at 
low  temperatures  (79) .  The  Jata  and  Starke  model  is  consistent  with  the  increase  in  strain 
hardening  capacity  at  low  temperatures. 

The  optimum  microstructure  for  fatigue  crack  initiation  resistance  is  consistent  with 
that  required  for  high  fracture  toughness  (80) .  However,  the  situation  is  somewhat 
different  for  fatigue  crack  growth  resistance  (81).  Lin  and  Starke  (82)  have  shown  that 
a  tortuous  crack  path  and  crack  branching,  both  of  which  are  enhanced  by  coarse  planar 
slip,  are  desirable  for  a  high  fatigue  crack  growth  resistance  in  aluminum  alloys.  The 
torturous  crack  path  reduces  the  "crack  driving  force"  due  to  extrinsic  effects  which 
include  roughness- induced  crack  closure  (83-85)  .  The  propensity  of  Al-Li  alloys  to  deform 
by  coarse  planar  slip  results  in  a  significant  improvement  in  fatigue  crack  growth 
resistance  under  both  constant  amplitude  (54,85-87)  and  variable  amplitude  loading  (88) 
when  compared  with  conventidnal  high  strength  aluminum  alloys.  Figure  23,  taken  from  the 
work  of  Ritchie  and  co-workers  (89) ,  compares  the  crack  growth  behavior  of  2090-T8E41  (T-L 
orientation)  with  that  for  two  different  tempers  of  2124  and  7150. 
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Aluminum-lithium  alloys  have  not  demonstrated  the  same  significant  advantages  over 
baseline  alloys  for  short  crack  growth  resistance  (90) .  This  is  partially  the  result  of 
reduced  crack  tip  shielding  effects  (85,91).  However,  even  in  this  regime  Al-Li  should 
show  some  improvement  considering  that  they  normally  have  a  modulus  of  between  10  to  15 
percent  larger  than  conventional  aluminum  alloys.  Although  the  fatigue  crack  initiation 
resistance  of  Al-Li  alloys  may  be  somewhat  poorer  than  that  of  conventional  alloys  (92,93) 
(most  likely  due  to  the  extensive  strain  localization  and  sharp  texture  normally  present) 
their  overall  fatigue  performance  under  S-N  type  test  conditions  is  generally  equivalent 
to,  or  better  than,  that  of  standard  aluminum  alloys. 

The  precipitate  structure  also  has  a  significant  effect  on  the  stress  corrosion 
cracking  behavior  of  Al-Li  alloys  (94)  .  While  Al-Li,  Al-Li-Zr,  and  Al-Mg-Li-Zr  alloy 
systems  exhibit  a  high  resistance  to  stress  corrosion  crack  initiation  (95,96)  the 
Al-Li-Cu-Zr  and  Al-Li-Cu-Mg-Zr  systems  do  not  (95,97-101) .  This  suggests  that  the  presence 
of  one  of  the  copper  containing  precipitate  phases,  e.g.,  T,,  S',  T2  or  Al6Cu(MgLi)3  may  be 
responsible  for  promoting  crack  initiation  rather  than  AlLi  or  AljMgLi  (94) .  Underaged 
tempers  have  been  shown  to  be  less  susceptible  than  peak  or  overaged  tempers  to  5CC 
initiation  for  Al-Cu-Li-Zr  alloys  (94)  but  overaging  has  been  shown  to  decrease  the 
susceptibility  of  Al-Li-Cu-Mg-Zr  alloys,  Figure  24.  Although  underaged  tempers  appear  to 
offer  the  highest  resistance  to  SCO  propagation  for  both  alloy  systems.  Figure  25,  the 
propagation  behavior  is  relatively  insensitive  to  temper  as  well  as  being  insensitive  to 
alloy  chemistry  and  test  environment  (94) . 


ak  (ksHn,/2) 


Figure  23.  Crack  propagation  behavior  of  long  fatigue  cracks  in  2090-T8E41  (T~L 
orientation) ,  as  a  function  of  the  nominal  stress  intensity  range,  compared  to 
corresponding  results  in  2124  and  7150  alloys.  Data  for  tests  in  moist  air  at  R  =  0.1 
(From  Ritchie  and  coworkers,  reference  89). 


Pigure  24.  The  influence  of  temper  on  the  stress-life  curve  of  8090  plate  (ST 
orientation) .  Underaged  -  4  h  at  190°C;  Peak-aged  ■  16  h  at  190°C;  Overaged  -  96  h  at  190°C 
(From  Gray  et  al.,  reference  94). 


Figure  25.  Crack  growth  velocity  versus  stress  intensity  curves  for  under-  and  peak-aged 
8090  in  artificial  sea  water  and  peak-aged  8090  in  a  95  percent  relative  humidity 
atmosphere  at  40°C  (From  Gray  et  al.#  reference  94). 


Aluminum-lithium  alloys,  particularly  2090,  have  surprisingly  different  forming 
characteristics  than  the  industry  standard  aircraft  aluminum  alloys  such  as  2024  and  7075 
(102).  These  differences  in  formability  reflect  the  unique  deformation  behavior  and  grain 
structure  exhibited  by  Al-Li  alloys,  in  particular,  their  propensity  for  localized  planar 
slip.  The  formability  of  Al-Li  alloys  has  also  been  shown  to  be  more  sensitive  to  grain 
direction  and  prior  cold  work  than  the  standard  aircraft  aluminum  alloys.  Maximum 
formability  has  been  observed  when  Al-Li  alloys  are  in  the  Mas-quenched”  condition  and 
the  bend  axis  is  parallel  to  the  long  grain  direction  (102).  It  was  previously  shown  that 
cold  work  prior  to  aging  is  necessary  to  develop  the  optimum  strength- fracture  toughness 
in  Al-Li-Cu-X  alloys.  However,  this  step  often  reduces  formability,  forcing  a  compromise 
between  the  most  desirable  part  shape  and  the  resulting  properties.  This  has  necessitated 
the  development  of  procedures  which  utilize  the  cold  work  imparted  during  forming  to  bring 
the  final  product  to  the  required  strength  level. 

OTHER  ENGINEERING  PROPERTIES 

In  addition  to  those  properties  discussed  above,  there  are  certain  other  engineering 
properties  of  Al-Li  alloys  that  are  attractive  in  comparison  to  conventional  baseline 
aluminum  alloys.  For  example,  most  Al-Li  alloys  are  amenable  to  superplastic  forming 
(103,104),  display  moderate  to  good  weldability  (105,106),  can  be  chemically  milled, 
bonded,  anodized,  alclad,  and  painted.  On  the  debit  side,  as  noted  previously,  Al-Li 
alloys  often  display  considerable  anisotropy  in  strength  and  ductility.  They  are  somewhat 
more  susceptible  to  surface  oxidation  at  moderate  temperatures,  and  are  prone  to  warping 
during  quenching  (mostly  attributable  to  the  relatively  high  quenching  temperature) . 
Diffusion  of  lithium  can  occur  out  to  the  surface  during  high  temperature  heat  treatments 
which  may  lead  to  a  lithium-depleted  layer,  and  for  sheet  products  a  reduction  in  strength 
(107).  In  addition,  all  Al-Li-X  alloys  suffer  from  low  ductility  and  fracture  toughness 
in  the  short  transverse  direction.  These  problems  are  due  to  a  combination  of  grain 
structure  and  segregation  effects  and  should  be  minimized  by  improved  processing.  Most 
problems  associated  with  Al-Li-X  alloys  appear  to  be  solvable  by  the  development  of 
intelligent  processing  methods  and  the  advantages  in  density  and  modulus  that  they  offer 
over  conventional  aluminum  alloys  have  already  led  to  their  usage  in  a  number  of  aerospace 
systems . 
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SUMMARY 

The  strength  and  toughness  properties  of  the  medium  strength  Al-Li  plate  alloy  8090-T651  were 
determined  and  compared  to  those  of  damage  tolerant  2000  series  plate  alloys.  For  the  LT  and  TL 
orientations  similar  KJc  values  were  obtained  but  8090^T651  was  inferior  in  terms  of  short  transverse 
fracture  toughness.  Tensile  tests  through-the-thickness  and  with  respect  to  rolling  direction  indicated 
considerable  anisotropy.  Residual  strength  tests  were  performed  on  centre  cracked  sheet  panels  of  the 
Al-Li  alloys  2091  and  8090  in  different  tempers  and  2024-T3  reference  material.  Fracture  modes  and 
characteristics  were  analysed  using  fractography  and  resulted  in  a  better  understanding  of  the  fracture 
behaviour  of  the  Al-Li  alloys. 

Recrystallized  Al-Li  sheet  in  specific  tempers  achieved  plane  stress  fracture  toughness  values 
similar  to  those  of  2024-T3,  but  at  somewhat  lower  yield  strengths. 


1 .  INTRODUCTION 

The  quest  for  advanced  aircraft  materials  with  higher  specific  strength  and  stiffness  properties  has 
led  to  the  introduction  of  lithium  as  an  alloying  element  in  aluminium  alloys.  Development  programmes  by 
Alcoa  in  the  US  and  by  Alcan  and  Pechiney  in  Europe  have  resulted  in  a  new  generation  of  Al-Li  alloys  with 
a  density  reduction  and  stiffness  Increase  of  about  10  %  as  compared  to  conventional  alloys.  Different 
types  of  Al-Ll  alloys  are  being  Introduced  for  potential  replacement  of  damage  tolerant,  medium  strength 
and  high  strength  conventional  aluminium  alloys. 

Before  these  Al-Li  alloys  can  be  accepted  for  application  in  aerospace  structures,  extensive 
qualification  programmes  have  to  be  performed  by  the  manufacturers  and  potential  users.  To  coordinate 
these  activities  in  Europe  a  Garteurt  action  group  (AGO?)  on  Al-Li  alloys  was  established  in  1984.  The 
members  of  the  action  group  are  the  national  research  institutes  RAE,  DFVLR,  ONERA  and  NLR,  and  the 
industrial  participants  British  Aerospace,  Alcan,  Dassault,  Cegedur  Pechiney,  -4BB,  Domier  and  Fokker.  The 
aluminium  producers  Alcan  and  Pechiney  supply  Al-Li  alloys  for  investigation.  The  agreed  evaluation 
programme  covers  engineering  properties,  fatigue,  corrosion,  microstructure  and  formability.  The  test 
programme  concentrated  initially  on  the  medium  strength  plate  alloy  8090- T65J  from  Alcan  and  was  continued 
with  investigation  of  damage  tolerant  Al-Li  sheet  alloys  supplied  by  Alcan  and  Pechiney.  Comparisons  were 
made  with  conventional  aluminium  alloys. 

In  this  paper,  which  is  mainly  based  on  Garteur  work-phase  I  (Ref.  i),  the  tensile  properties  and 
fracture  toughness  of  the  tested  Al-Ll  alloys,  as  determined  by  the  Garteur  members,  are  discussed.  The 
observed  fracture  behaviour  in  8090-T651  plate  and  in  Al-Ll  sheets  1.'  explained  with  the  aid  of 
fractographlc  studies. 
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2. 


MATERIALS  AND  EXPERIMENTAL  PROGRAMME 


The  medium  strength  Al-Li  alloy  8090-T651  was  produced  as  pre-production  quality  and  was  supplied  by 
Alcan  to  Carteur  AG07  in  the  form  of  25  mm  thick  plate.  Samples  of  8090  and  2091  1.6  ram  thick  sheet, 
mainly  in  a  recrystallized  condition,  were  supplied  by  Alcan  and  Pechiney  respectively.  Chemical 
compositions  of  all  the  materials  investigated  are  shown  in  table  1.  For  the  Al-Ll  sheet  materials 
different  artificial  heat  treatments  were  applied. 

In  the  experimental  programme  the  following  topics  were  considered: 

-  Strength  :  Through  the  plate  thickness  and  with  respect  to  the  rolling  direction. 

-  K_  :  Fracture  toughness  for  LT,  TL,  SL  and  ST  orientation  by  testing  compact  tension  and 

chevron  notched  bar  specimens  taken  from  plate. 

-  K  :  Residual  strength  of  400,  500  and  760  mm  wide  centre  cracked  panels. 

c 

-  Fractography 

The  strength  and  fracture  toughness  of  8090-T651  plate  were  compared  to  those  of  2024-T351  and 
2324-T39  plate  materials,  which  are  conventional  damage  t>  lerant  alloys.  The  Al-Ll  sheet  materials  were 
basically  compared  to  a  2024-T3  reference  material  of  the  same  thickness,  but  also  to  7075-T6  and 
7475-T761  with  respect  to  anisotropy. 


3.  TENSILE  STRENGTH  AND  ANISOTROPY 
3.1  Plate 

Longitudinal  and  long  transverse  tensile  properties  for  8090-T651  plate  in  comparison  with  those  of 
2024-T351  and  2324-T39  are  given  in  figure  1  (Ref.  2).  The  properties  were  determined  for  specimens  from 
core  and  surface  material. 

Differences  in  tensile  strength  between  surface  and  core  material  of  8090-T651  is  evident.  The 
variation  in  through-the-thickness  properties  is  highest  for  the  Al-Li  plate  and  lowest  for  the  2324-T39 
plate.  The  effect  of  test  direction  on  UTS  of  the  three  alloys  was  small.  0.2  Z  TYS  values  were  generally 
lower  in  the  T  direction  than  in  the  L  direction.  The  most  conspicuous  difference  in  properties  is  the  low 
elongation  to  fracture  for  8090-T651. 

Figure  2  gives  the  range  of  tensile  properties  for  8090-T651  as  determined  by  the  Garteur 
participants  (Ref.  1).  Reasonable  consistency  was  achieved  between  the  laboratories.  The  values  for 
surface,  1/6  t  and  1/4  t  test-piece  positions  were  combined  since  they  were  very  similar.  For  comparison 
typical  and  minimum  properties  as  given  by  the  producer  are  indicated  (Ref.  3). 

It  is  seen  that  the  UTS  fulfils  the  minimum  requirement  irrespective  of  test  orientation  and  test 
position.  The  0.2  Z  TYS  and  elongation  to  fracture  requirements  are  not  fully  met. 

Tensile  anisotropy  for  the  8090-T651  plate  was  investigated  more  extensively  in  reference  4,  see 
figure  3.  The  most  pronounced  anisotropy  occurs  for  the  plate  midplane  where  a  maximum  dip  in  0.2  Z  TYS  of 
75  MPa  was  measured  at  an  angle  of  about  67°  with  the  rolling  direction. 


3.2  Sneet 

To  obtain  damage  tolerant  properties  in  Al-Li  sheets  the  8090  and  2091  alloys  are  produced  in  a 
recrystallized  condition.  Adequate  strength  properties  are  obtained  by  artificial  ageing,  usually  at 
150  °C  and  135  °C  for  2091  sheet  and  150  °C  for  8090  sheet.  Figure  4  shows  the  strength  development  trend 
lines  for  2091  and  8090  sheet.  Since  the  damage  tolerant  Al-Li  sheet  alloys  are  intended  to  replace 
2024-T3,  Interest  was  focussed  on  achieving  the  minimum  strength  properties  quoted  for  the  latter  alloy 
[i.e.  293/440/15  -  0.2  Z  TYS/UTS/6]. 

Exploratory  heat  treatments  of  48  hrs/150  °C  and  12  hra/150  °C  were  applied  to  2091.  The  strength 
properties  met  the  2024-T3  minima  but  poor  fracture  toughness  behaviour  forced  Pecniney  to  change  the  heat 
treatment  to  12  hrs/135  °C  (heat  treat  designation  T8X) .  Alloy  8090  was  also  tested  in  different  heat 
treatment  conditions.  The  heat  treatment  12  hrs/150  °C  resulted  in  a  strength  level  comparable  to  that  of 
2091-T8X. 

Tensile  anisotropy  in  recrystallized  2091  (100  hrs/150  °C)  and  unrecrystalllzed  8090  (48  hrs/150  °C) 
sheet  was  determined  by  the  DFVLR  and  compared  with  that  of  2024-T3,  7075-T6  and  7475-T761  sheet, 
figure  5.  For  the  uncrystallized  8090  a  marked  effect  in  terms  of  reduced  0.2  Z  TYS  and  an  Increased 
elongation  to  fracture  was  obtained  at  about  60°  to  the  rolling  direction.  The  Vecrystalllzed  2091  showed 
a  less  pronounced  anisotropy  more  or  less  corresponding  to  that  of  2024-T3  sheet. 

The  effect  of  recrystalllzatlon  on  tensile  anisotropy  was  more  extensively  investigated  by  the  RAE 
for  1.6  mm  thick  8090  sheet  (Ref.  5).  Unrecrystalllzed,  partially  recrystallized  and  fully  recrystallized 
sheets  were  heat  treated  to  similar  transverse  0.2  Z  TYS,  after  which  the  off-axis  tensile  properties  were 
determined,  figure  6.  It  is  seen  that  increasing  recrystalllzatlon  reduces  the  tensile  anisotropy 
considerably. 

For  recrystallized  2091  an  Increased  ageing  time  did  not  further  improve  the  isotropy,  figure  7.  This 
was  established  by  the  DFVLR  (Ref.  1). 
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4 .  FRACTURE  TOUGHNESS 

4.1  Kt  (Krt)  of  8090-T651  Plate 
Ic  Q 

The  plane  strain  fracture  toughness  for  the  LT  and  TL  orientations  in  8090-T651  and  the  reference 
materials  2Q24-T351  and  2324-T39  were  determined  using  24  ion  thick  compact  tension  specimens  (Ref.  2).  For 
these  orientations  consistent  results  were  obtained  by  the  DFVLR  and  NLR.  For  the  short  transverse 
direction  some  variation  in  test  results  was  found.  DFVLR  obtained  higher  K  values  with  chevron-notched 
short  bar  specimens  than  the  NLR  with  small  compact  tension  specimens.  Figure  8  gives  the  mean  fracture 
toughness  values  for  8090-T651  and  compares  them  to  those  of  the  damage  tolerant  reference  materials. 

Comparison  with  the  2000  series  alloys  indicates  a  broad  equivalence  for  8090-T651  in  the  LT  and  TL 
orientations.  However,  the  short  transverse  fracture  toughness  is  evidently  inferior  to  typical  values  for 
2024-T351.  Subsequently  Alcan  has  improved  the  short  transverse  fracture  toughness  by  introducing  the 
T8771  temper  for  plate.  This  improvement  is  illustrated  in  figure  9,  where  the  obtained  test  results  for 
8090-T6SV  are  compared  with  typical  properties  for  8090-T8771  as  determined  by  Alcan.  Improvement  in 
fracture  toughness  was  realized  without  sacrificing  strength  properties. 


4.2  Fracture  Toughness  of  Damage  Tolerant  Sheet 
Residual  strength  tests 

Plane  stress  fracture  toughness  (K  )  tests  were  performed  by  the  RAE  and  NLR  on  centre  cracked  2091 
and  8090  1.6  mm  thick  panels.  Anti-buc£llng  guides  were  used  to  prevent  local  buckling.  The  RAE  tested 
400,  500  and  760  wide  panels  with  a  starter  crack  length  (2a  )  of  0.3  W  where  U  is  the  panel  width. 

Starting  crack  lengths  in  the  NLR  tests  on  500  mm  wide  panels  were  0.2  W  and  0.312  W.  The  residual 

strength  tests  were  executed  according  to  ASTM  specification  E  561-81  for  R-curve  determination.  Load- 
Crack  Opening  Displacement  (COD)  records  were  made  to  derive  the  effective  crack  length.  Both  fracture 
toughness  values  and  R-curves  were  derived  from  these  records.  The  engineering  fracture  toughness  K  , 

based  on  maximum  load  and  initial  crack  length,  and  the  plane  stress  fracture  toughness  K  ,  based  on 

maximum  load  and  corresponding  physical  crack  length,  were  calculated.  In  the  RAE  tests  the  physical  crack 
length  at  maximum  load  was  derived  from  the  compliance  crack  length  minus  the  Irwin  plastic  zone 
correction.  In  the  NLR  tests  this  crack  length  could  be  established  visually. 

The  fracture  toughness  data  (LT)  for  recrystallized  2091  and  8090  sheet  are  given  in  table  2  and 
plotted  in  figure  10  as  a  function  of  the  0.2  X  TYL,  Test  results  for  2024-T3  sheet  are  Indicated  for 
comparison. 

Increased  ageing  time  at  150  °C  for  2091  sheet  resulted  in  decreasing  fracture  toughness  values.  The 
original  Pechiney-recommended  ageing  treatment  of  48  hrs  at  150  “C  to  obtain  damage  tolerant  properties 
gave  the  lowest  fracture  toughness. 

In  the  light  of  these  results  the  ageing  treatment  was  finally  modified  to  12  hrs  at  135  °C, 
resulting  in  fracture  toughness  values  more  than  twice  as  high.  However,  compared  to  the  naturally  aged 
sheet  only  a  marginal  increase  In  strength  is  obtained  by  this  treatment. 

Artificially  ageing  8090  at  150  °C  resulted  in  a  considerable  increase  in  tensile  strength  and 
fracture  toughness.  However,  it  has  to  be  mentioned  that  the  fracture  toughness  values  for  naturally  aged 
sheet  are  invalid  (too  low)  due  to  the  occurrence  of  net  section  yielding.  Table  2  shows  that  ageing  for 

8-24  hours  resulted  in  a  0.2  X  TYS  of  about  340  MPa  and  a  K  of  about  110  -  120  MPa  Vnu 

c 

The  effect  of  test  panel  width  on  residual  strength  is  evident.  For  low  yield  strength  materials 
small  test  panels  do  not  result  in  valid  K  values.  For  higher  yield  strength  Al-Li  sheets  marginally 
valid  K  values  were  obtained  with  500  am  wide  panels,  but  RAE  tests  on  760  ora  wide  panels  resulted  in 
still  higher  K  values.  This  indicates  that  the  500  mm  wide  panels  were  too  narrow  to  obtain  maximum  K 
values.  The  same  is  true  for  the  2024-T3  residual  strength  tests. 

If  the  residual  strength  test  results  are  used  to  show  trends,  see  figure  10,  it  can  be  concluded 
that  2091  and  8090  achieve  fracture  toughnesses  similar  to  those  of  2024-T3  at  a  10  -  15  X  lower  0.2  1 
TYS. 


R- curve  analysis 

The  crack  growth  resistance,  was  calculated  from 


(ASTM  E  561-81) 


where:  o 


gross  stress 

effective  half  crack  length 

physical  crack  length  plastic  zone  correction 
finite  width  correction, 


and  aeff  was  derived  from  the  load-COD  records  using  the  compliance  method  described  in  ASTM  E  561-81. 


Typical  R-curves  for  the  LT  and  TL  orientation  of  recrystallized  2091  and  8090  In  different  heat 
treatment  conditions  are  shown  in  figure  11.  The  R-curves  for  2024-T3  are  also  indicated.  For  a  valid  K 
analysis  the  net  section  stress  based  on  the  physical  crack  size  must  be  less  than  the  yield  strength  of 
the  material.  Therefore  the  points  from  which  crack  growth  is  governed  by  net  section  yield  are  Indicated. 
K_  values  at  maximum  load  are  also  indicated.  Figure  11  illustrates  that  improvement  in  the  crack  growth 
resistance  of  2091  is  obtained  for  the  successive  heat  treatments  48  hrs/150  *C,  12  hra/150  °C  and 
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12  hrs/135  °C.  The  crack  growth  resistances  of  2091  -  12  hrs/135  °C,  8090  -  12  hrs/150  *C  and  2024-T3 
loaded  in  the  longitudinal  direction  were  almost  similar.  However,  this  conclusion  has  to  be  made  with 
some  reservation  since  the  occurrence  of  net  section  yield  hinders  direct  comparison  at  longer  crack 
lengths. 

The  effect  of  degree  of  recrystallization  on  the  R-curve  was  investigated  by  the  BAE  for  1.6  mm  thick 
8090  sheet.  Unrecrystallized,  partially  recrystallized  and  fully  recrystallized  sheets  were  heat  treated 
to  similar  0.2  Z  TYS  before  residual  strength  testing.  Figure  12  shows  that  Increasing  crack  growth 
resistance  is  obtained  with  increasing  degree  of  recrystallization. 


5.  SELECTED  TOPICS  OF  PARTICULAR  INTEREST 

5.1  Texture  in  Al-Li  Plate  and  Sheet 

Quantitative  texture  measurements  (Refs.  4,6,7)  established  that  8090-T651  plate  exhibited  a  much 
more  pronounced  anisotropy  than  e.g.  2024-T851  plate  of  the  same  thickness.  Furthermore  the  texture  of 
8G90-T651  plate  was  strongest  in  the  core  and  weakest  near  the  surfaces.  Consequently  the  properties 
depend  not  only  on  the  test  direction  but  also  on  the  location  within  the  plate.  The  measurements  revealed 
a  close  correlation  between  texture  and  tensile  properties. 

Recrystallization  treatments  diminish  the  texture  and  thereby  improve  the  Isotropy,  as  was 
demonstrated  for  Al-Li  sheet.  However,  this  is  only  possible  for  sheet  since  the  required  heating  rate 
cannot  be  realized  in  the  core  of  plate  material.  Even  in  nominally  recrystallized  1.6  mn  thick  sheet  of 
2091  and  8090  an  unrecrystallized  central  region  is  frequently  present t  figure  13.  This  shows  that  the 
recrystallization  process  is  not  yet  optimized. 


5.2  Brittle  Fracture  and  Intergranular  Delamination  in  8090-T651  Plate 

Brittle  fracture  and  Intergranular  delamination  in  the  LT  plane  was  observed  especially  when  testing 
tensile  specimens  in  the  short  transverse  direction  and  specimens  of  surface  material,  see  figures  14 
and  15.  Possible  explanations  for  the  delamination  behaviour  are: 

(1)  The  presence  of  brittle  grain  boundary  phases: 

It  has  been  observed  (Ref.  8)  that  deformation  of  8090-T651  results  in  void  nucleation  at 
Al^(Fe,Cu)  particles  situated  on  high  angle  grain  boundaries.  This  void  formation  was  preceded  both 
by  particle/matrix  decohesion  and  by  particle  cracking. 

NLR  investigations  revealed  the  forementloned  particles  but  void  nucleation  at  these  particles  was 
not  observed,  reference  9. 

(2)  Impurity  segregation: 

Crain  boundaries  in  aluminium- lithium  alloys  might  contain  Na  and  K  impurities  if  high  purity  Li  is 
not  used  in  alloying.  No  indications  for  Na  and/or  K  segregation  were  found  in  the  present 
investigation. 

(3)  Strain  localization: 

If  deformation  is  concentrated  in  a  few  coarse  slip  bands  and  grain  boundaries  act  as  strong  barriers 
to  dislocation  movement,  the  dislocations  will  pile  up  strongly  against  grain  boundaries  (see 
Fig.  16)  This  can  open  up  the  grain  boundaries  and  the  flaws  thus  created  act  as  sinks  in  which  the 
piled  up  dislocations  disappear. 

The  last  possibility  can  explain  most  observations  (Ref.  9).  For  instance,  the  fact  that  tensile  specimens 
taken  from  the  surface  of  the  8090  plate  exhibited  delamination  whereas  specimens  taken  from  the  core  did 
not  is  explained  as  follows:  In  the  plate  core  a  sharp  texture  was  present  (section  5.1).  Thus  the 
orientation  differences  between  the  grains  were  generally  small  and  the  grain  boundaries  did  not  present 
strong  barriers  to  dislocation  motion.  This  facilitated  the  concentration  of  deformation  in  a  few  coarse 
slip  bands  and  ultimately  gave  rise  to  slip  band  cracking  (Fig.  17). 

However,  a  much  weaker  texture  existed  near  the  surfaces.  Therefore,  in  the  surface  layers  grain 
boundaries  will  have  been  stronger  barriers  and  this  explains  why  delamination  instead  of  slip  band 
cracking  took  place. 


5.3  Fracture  Modes  and  Characteristics  of  Residual  Strength  Tested  Al-Li  Sheet  (Ref.  10) 

Fracture  surfaces  of  residual  strength  tested  panels  have  been  examined  to  determine  relations 
between  load-COD  records  and  fracture  modes.  Scanning  electron  microscopy  was  performed  for  fracture 
surface  characterization. 

Examples  of  load-COD  records  and  fractographic  characteristics  of  stable  ard  unstable  crack  growth 
are  shown  in  figure  18  for  2091  -  48  hrs/150  *C  and  2091  -  12  hrs/150  °C.  The  transition  from  stable  to 
unstable  crack  growth  was  characterized  by  a  change  from  fully  ductile  fracture  to  Intergranular  fracture. 
Also,  crack  jumping  followed  by  crack  arrest  was  characterized  by  intergranular  fracture  changing  to  fully 
ductile  fracture.  An  overview  of  fracture  modes  and  fracture  surface  characteristics  for  2091  and  8090  in 
different  heat  treatment  conditions  is  given  in  figure  19.  Fractographic  characteristics  of  stable  and 
unstable  crack  growth  are  shown  in  figures  20  and  21.  Considering  these  observations  and  the  residual 
strength  test  results  In  section  4.2  the  following  aspects  of  concern  can  be  mentioned: 

-  Although  Che  crack  resistance  and  fracture  toughness  of  2091  -  12  hrs/135  ’C  and  8090  -  24  hrs/150  °C 
were  similar  to  those  of  the  damage  tolerant  2024-T3  alloy,  signs  of  intergranular  fracture  are 
observed  for  the  Al-Li  sheet  alloys  during  unstable  crack  growth  (50  Z  for  2091  -  12  hrs/135  °C  and 
5  -  10  Z  for  8090  -  24  hrs/150  *C. 


The  occurrence  of  intergranular  fracture  during  unstable  crack,  growth  may  indicate  a  strain  rate 
dependent  fracture  process  (Ref.  10). 

If  the  crack  resistance  and  fracture  toughness  depend  on  strain  rate  the  dynamic  fracture  toughness, 
K  ,  could  be  much  lower  than  the  quasi-static  fracture  toughness  or  Kg.  This  Implies  that  the 
fail-safe  crack  arrest  properties  could  be  significantly  inferior  to  those  of  2024-T3.  This  aspect 
needs  further  investigation. 


6 .  CONCLUDING  REMARKS 

The  strength  and  fracture  toughness  properties  of  medium  strength  25  mm  thick  8090-T65I  plate  and 
1.6  mm  thick  2091  and  8090  sheet  in  different  tempers  were  determined  as  part  of  a  Garteur  cooperative 
programme.  Comparisons  were  made  with  conventional  plate  and  sheet  alloys. 

The  ultimate  tensile  strengths  of  8090-T651,  2024-T351  and  2324-T39  plate  materials  were  broadly 
equivalent.  However,  8090-T651  was  strongly  anisotropic,  which  is  related  to  texture.  Also  the 
consistently  lower  fracture  strain  and  poor  short  transverse  fracture  toughness  are  of  concern,  Alcan 
demonstrated  that  the  latter  is  improved  by  changing  to  the  T8771  heat  treatment.  The  overall  anisotropy 
could  be  reduced  by  improving  the  rolling  process,  subject  to  mill  width  limitations  on  cross-rolling. 

With  respect  to  sheet  materials,  recrystallization  is  necessary  to  achieve  damage  tolerant  properties 
for  2091  and  8090.  Recrystallization  decreases  anisotropy  and  enables  suitable  heat  treatments  to  provide 
plane  stress  fracture  toughnesses  and  crack  growth  resistances  similar  to  those  of  2024-T3.  However,  there 
is  a  10  -  15  X  penalty  in  yield  strength. 

Fractographic  investigation  of  the  residual  strength  specimens  showed  that  intergranular  fracture, 
which  occurs  especially  during  unstable  crack  growth.  Is  related  to  Inferior  fracture  toughness;  and  it 
appears  that  Al-Ll  alloys  can  be  sensitive  to  dynamic  effects,  l.e.  the  yield  strength,  crack  growth 
resistance  and  fracture  toughness  can  depend  on  strain  rate  (Ref.  10).  This  means  that  the  fall-safe  crack 
arrest  properties  could  be  significantly  inferior  to  those  of  2024-T3.  In  particular,  the  fail-safe  crack 
arrest  capability  of  2091-T8X  should  be  checked.  And  we  recommend  determining  the  fail-safe  crack  arrest 
capability  of  other  candidate  damage  tolerant  Al-Li  sheet  alloys  if  unstable  crack  growth  is  partly 
characterized  by  intergranular  fracture,  e.g.  8090  -  24  hrs/150  °C. 

When  considering  Al-Li  alloys  for  use  in  aerospace  structures,  it  must  be  said  that  strength  and 
fracture  toughness  are  only  two  -  albeit  very  important  -  aspects  of  material  behaviour.  An  acceptable 
balance  of  properties  has  to  include  good  resistances  to  fatigue  crack  growth  and  stress  corrosion.  Thus 
on  the  basis  of  the  present  results  it  is  not  possible  to  state  definitely  whether  the  tested  Al-Li  alloys 
are  suitable  replacements  for  conventional  alloys.  On  the  other  hand,  the  various  shortcomings  (actual  and 
potential)  that  have  been  indicated  suggest  that  these  Al-Li  alloys  are  not  yet  fully  developed. 
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TABLE  1  Chemical  compositions  of  the  investigated  plate  and  sheet  materials: 

(1)  Producers  data  for  Al-Li  alloys 

(2)  Aluminium  Association  limits  for  2024-T3  and  -T351 


Materials 

Cu 

Mg 

Li 

Mn 

Zn 

Cr 

Ti 

Zr 

Fe 

Si 

8090  plate 

1.24 

0.60 

2.42 

0.00 

0.00 

0.00 

0.05 

0.12 

0.12 

0.05 

2091  sheet 

2.10 

1.60 

1.80 

- 

- 

- 

0.02 

0.07 

0.04 

0.03 

8090  sheet 

1.20 

0.71 

2.38 

0.001 

0.02 

0.001 

0.02 

0.11 

0.03 

0.03 

2024-T3  sheet 
2024-T351  plate 

3. 8-4. 9 

1.2-1. 8 

- 

0.3-0. 9 

0.23  max 

0. 1  max 

- 

- 

0.50  max 

0.50  max 

TABLE  2  Fracture  toughness  of  recrystallized  2091  and  8090  sheet  (LT)  RAE,  NLR 


Material 

Ageing  treatment 

Panel 

Tensile 

data 

2a 

k  3> 

K  3> 

width 

0.2  Z  TYS 

UTS 

° 

e 

mm 

MPa 

Mpa 

mm 

MPaVm 

MPai'm 

Natural  age 

400 

326 

425 

133 

100. 1 

no 

400 

326 

425 

133 

102.7 

113 

12  hrs  150  °C 

500  !) 

375 

463 

156 

85.0 

66 

2091 

48  hrs  150  “C 

500  11 

381 

479 

156 

62.0 

62 

48  hrs  150  °C 

400 

379 

479 

133 

55.0 

55.9 

400 

379 

479 

133 

58.0 

57.3 

12  hrs  135  °C 

328 

439 

133 

94.6 

115.0 

76° 

500 

500  ' 

328 

439 

228 

126.1 

BETiHtl 

331 

442 

156 

121.0 

331 

442 

100 

99.0 

2024 

Natural  age 

500  11 

381 

502 

156 

111.0 

131.0 

100 

104.0 

124.0 

Natural  age 

400 

260 

314 

133 

84.0 

92.0 

2) 

2) 

2) 

2) 

500 

236 

305 

167 

87.0 

93.0 

500 

236 

305 

167 

87.0 

94.0 

500 
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NLR  test  results 
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Invalid  -  failed  to  meet  plasticity  requirements 
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Fig.  3  Variation  in  tensile  properties  with  test  direction  and  position  through  the  plate  thickness 
for  8090-T651  (ref.  4) 
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Fig.  4  Strength  developnent  in  2091  and  8090  sheet  with  artificial  ageing 
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Fig.  5  Variation  in  tensile  properties  with  test  orientation  for  1.6  mm  thick  sheet  materials, 
DFVLR  (ref.  1) 


ANGLE  OF  TENSILE  AXIS  TO  ROLLING  DIRECTION  (DEGREES) 


Fig.  6  Effect  of  microstructure  on  the  tensile  anisotropy  in 
1.6  mm  thick  sheet,  RAE  (ref.  5) 


Pig.  9  Improvement  of  fracture  toughness  performance  by  the  T8771  heat 
treatment:  8090-T8771  data  supplied  by  Alcan 
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Fig.  11 
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Comparison  of  R  curves  for  2091,  8090  and  2024-T3  sheet, 
W  ■  500,  NLR 


Fig.  12  Effect  of  micros tructure  on  the  R  curve  for  1.6  bus  thick 
8090  sheet  aged  at  150  C  to  give  0.2%  proof  stress  325  MPa 
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Fig.  14  Different  fracture  behaviour 
for  short  transverse  tensile 
testing 


Fig.  15  Brittle  fracture  and  delamina¬ 
tion  in  tensile  specimens  of 
alloy  8090-T651 
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Fig.  16  Schematic  of  intercrystailine  cracking  by 
slip  band  impingement 

a)  Dislocations  pile-up  against  grain 
boundary 

b)  Pile-up  is  released  by  the  creation  of 
an  intercrystailine  crack 

For  the  sake  of  clarity  only  one  pile-uf 
is  shown  but  generally  one  grain  can 
contains  several  pile-ups 
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Fig. 
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Cross-section  through  an  S090-T651  ten¬ 
sile  specimen  taken  from  the  plate  core 


Fig.  18  Relations  between  residual  static  strength  load-crack  opening  displacement  records,  stable  and 
unstable  crack  growth,  and  f ractographic  characteristics  for  2091-48  hrs/150°C  and 
2091-12  hrs/150  °C  (NLR,  ref.  10) 
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FRACTOGRAPHIC  CHARACTERISTICS 
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FRACTURE  AROUND  THE  TEMPORARILY  ARRESTEO  CRACK  FRONT 

**  UNRECRYSTALUZED 

Fig.  19  Fracture  nodes  and  fractographic  characteristics  of  fracture  surfaces  of  tested  centre  cracked 
sheet  panels 
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Summary 

The  paper  presents  results  on  fatigue  properties  of  Al-Li  8090  plate  material  generated 
at  DFVLR,  NLR  and  RAE  in  the  frame  of  a  GARTEUR  activity  on  Al-Li  alloys.  High  cycle 
fatigue  results  are  discussed  as  well  as  fatigue  crack  growth  properties.  Comparison  is 
made  to  conventional  high  strength  A1  alloys.  In  most  cases  the  Al-Li  alloy  showed  at 
least  equivalent  high  cycle  fatigue  properties  and  improved  resistance  to  fatigue  crack 
growth,  primarily  due  to  crack  closure  effects. 


Introduction 

The  increased  demand  of  the  aerospace  industry  for  new  light-weight  components  has  spurred 
the  development  of  Li-containing  A1  alloys.  Main  efforts  are  concentrated  in  the  United 
States  and  in  Europe,  here  especially  to  mention  Alcan  International  in  England  and 
C6g6dur  Pechiney  in  France.  As  a  result  of  this  growing  interest  a  GARTEUR  activity  on 
Al-Li  alloys  was  initiated  in  Europe  in  1984.  GARTEUR  stands  for  “Group  for  Aeronautical 
Research  and  Technology  in  Europe"  the  members  of  which  are  from  Aerospace  industry  and 
research  laboratories  of  the  four  nations  France,  the  United  Kingdom,  the  Netherlands  and 
the  Federal  Republic  of  Germany.  The  Al-Li  Action  Group  was  composed  of  four  governmen¬ 
tal  research  establishments  -  ONERA,  RAE,  NLR  and  DFVLR  -  six  airframe  manufacturers 
-  Avion*  Marcel  Dassault/Breguet  Aviation,  Aerospatiale,  British  Aerospace,  Fokker 
Aircraft,  Messerschmitt-Bdlkow-Blohm  and  Dornier  -  and  two  metal  producers  -  Alcan  and 
Pechiney . 

This  paper  is  intended  to  report  about  one  particular  aspect  covered  in  the  Al-Li  action 
group,  i.e.  the  fatigue  behaviour,  a  knowledge  of  which  is  essential  since  a  significant 
proportion  of  these  new  alloys  will  be  used  for  fatigue  critical  components. 
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Although  work  was  done  on  both  Alcan  and  Pechiney  Al-Li  alloys  in  sheet  and  plate  form, 
the  paper  will  essentially  concentrate  on  results  generated  on  8090  plate  material  which 
proved,  however,  to  be  quite  typical  for  Al-Li  alloys  in  general. 

It  should  be  mentioned,  that  although  the  best  available  methods  were  used  to  produce  the 
materials  supplied  to  the  GARTEUR  group,  is  was  inevitable  that  they  were  of  a  pre-produc¬ 
tion  quality  and  were  not  representative  of  current  industrial-scale  output.  Since  1984 
considerable  progress  was  made  by  both  suppliers  in  improving  the  casting,  rolling  and 
heat  treatment  methods  for  the  alloys  and  in  understanding  their  physical  metallurgy 
leading  to  consequent  improvements  in  todays  production  Al-Li  alloys. 


Material  and  Experimental  procedure 

Most  of  the  investigations  were  performed  on  the  AL-Li  alloy  8090.  This  alloy  was  supplied 
by  Alcan  International  in  the  form  of  25  mm  thick  plate  material  which  had  been  solution 
heat  treated  at  520°C,  quenched,  stretched  2.5  %  and  artificially  aged  for  16  h  at  190°C, 
to  a  T651  condition.  The  alloy  had  a  chemical  composition  (wt.%)  of  Al-2.42Li-l.24Cu- 
0.60Mg-0.12Zr-0.05Si-0.12Fe~0.05Ti.  Comparison  investigations  were  performed  on  a  variety 
of  high  strength  2000  series  A1  alloys  /1-7/.  The  microstructure  of  the  Al-Li  allov  was 
investigated  by  both  light  and  transmission  electron  microscopy.  Texture  investigations 
were  performed  on  a  X-ray  goniometer  by  employing  the  reflection  technique,  fill)  pole 
figures  were  generated  in  the  through-  thickness  direction,  and  compared  to  tensile  pro¬ 
perties  determined  on  flat  specimens.  High  cycle  fatigue  tests  were  performed  on  notched 
and  unnotched  specimens  at  R-ratios  of  -1  and  0.1  in  laboratory  air  and  aqueous  3.5  A 
sodium  chloride  solution.  Constant  amplitude  fatigue  crack  propagation  tests  were  per¬ 
formed  on  servohydraulic  machines  using  Compact  Tension  (CT) ,  Center  Cracked  Tension 
(CCT) ,  and  Single  Side  Cracked  Hole  (SSCH)  specimens.  R-ratios  varied  between  0.1  and  0.7; 
laboratory  air  and  3.5  %  sodium  chloride  solution  were  used  as  test  media.  The  test  fre¬ 
quency  was  13  and  37  Hz.  To  monitor  crack  growth,  both  a  DC  potential  drop  technique  as 
well  as  optical  measurements  were  applied.  Load  -  Crack  Opening  Displacement  (COD)  measure¬ 
ments  were  made  at  regular  crack  length  intervals.  From  the  load  -  COD  records,  periodi¬ 
cally  made  duringAK-decreasing  tests,  the  crack  opening  load  PQp  was  determined  at  the 
point  of  first  deviation  from  the  linear  part  of  the  curve.  From  PQp  the  opening  stress 

and  hence  the  effective  stress  range  AS  --  =  S _  -  S  was  calculated.  Fractography 

op  eft  max  op 

was  performed  on  a  scanning  electron  microscope. 

The  experimental  procedures  performed  differed  from  laboratory  to  laboratory.  Therefore, 
for  a  more  detailed  information  the  reader  is  referred  to  references  1  to  7 . 


R_efti0.ts  an4  Dj-sguspign 

Fig.  1  is  an  optical  micrograph  showing  a  three  dimensional  view  of  the  microstructure  of 
the  Al-Li  alloy  8090  (Fig.  la)  and,  for  comparison,  of  the  conventional  A1  alloy  2024 
(Fig.  lb) .  Both  alloys  exhibit  a  pancake  structure  which  is  typical  for  high  strength  A1 
alloys.  The  Al-Li  alloy,  however,  is  unrecrystallized  and  reveals  a  finer  subgrain  struc¬ 
ture  with  a  subgrain  size  of  about  2  to  10  ym.  Furthermore,  the  volume  fraction  of  big 
constituent  particles  is  lower  and  in  contrast  to  other  high  strength  A1  alloys,  8090 
contains  only  one  type  of  large  constituent  phase.  These  particles  were  often  aligned 
along  grain  boundaries,  and  their  dimensions  were  up  to  10  pm.  By  energy  dispersive  X-ray 
analysis  they  were  analysed  as  Fe/Cu  rich,  and  can  approximately  be  described  by  the 
formula  Al^  (Fe,  Cu,  Mg).  8090  also  contains  very  fine  (10-30  nm)  Al^Zr  particles,  which 
are  known  to  inhibit  recrystallization. 
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Fig.  2  shows  the  matrix  and  grain  boundary  phases  which  precipitated  during  the  artificial 
aging  treatment.  The  three  micrographs  are  taken  from  the  same  position.  The  typical 
high  volume  fraction  of  the  spherical,  homogeneously  distributed  S'  particles  can  most 
easily  be  recognized  in  the  dark  field  (Fig.  2a) ,  but  are  also  visible  in  the  two  bright 
field  images,  which  were  taken  under  different  tilting  angles  (Figs.  2b  and  c) .  Figure  2c 
also  shows  the  plate-like  S'  precipitates.  At  grain  boundaries  the  equilibrium  6  phase  has 
formed,  along  with  a  S'  precipitate-free  zone  (PFZ) ,  which  can  be  seen  from  Figs.  2b  and  c. 


Fatigue  Behaviour 

To  characterize  the  fatigue  behaviour  of  a  material  it  is  essential  to  separate  between 
fatigue  initiation  and  fatigue  crack  propagation.  In  a  high  cycle  fatigue  test,  initiation 
is  a  significant  proportion  of  total  life,  whereas  information  about  fatigue  crack  growth 
is  generated  in  a  fatigue  crack  propagation  test.  Since  fatigue  is  a  key  issue  for  aero¬ 
space  components  a  large  portion  of  the  GARTEUR  work  was  devoted  to  the  generation  of  S-N 
and  da/dN-AK  data. 


High  Cycle, Fatigue  Properties 

In  Fig.  3  the  fatigue  performance  of  smooth  (Fig.  3a)  and  notched  (Fig.  3b)  8090-T651  is 
compared  with  available  data  at  R  =  0.1  for  currently  used  2000  series  aerospace  alu¬ 
minium  alloys.  In  LT  and  L  direction,  8090  shows  improved  fatigue  performance  in  the  high 
stress/low  cycle  regime  whereas  in  the  low  stress/high  cycle  regime  its  performance  is 
similar  to  that  for  the  conventional  2000  series  A1  alloys.  For  the  higher  strength  Al-Li 
alloy  8091-T651 ,  similar  findings  are  shown  in  Fig.  4a  and  b,  where  this  alloy  is  compared 
to  various  conventional  high  strength  7000  series  A1  alloys.  To  investigate  the  influence 
of  a  corrosive  environment  on  the  fatigue  behaviour  of  8090  tests  under  push-pull  loading 
(R  =  -1)  were  performed  on  smooth  specimens  of  8090-T651  and  2024-T851  which  shows  a  simi¬ 
lar  strength  level.  The  results  in  laboratory  air  indicated  an  advantage  of  8090  compared 
7 

to  2024  after  10  cycles  of  about  50  MPa  for  L  and  T  specimens  (Fig.  5a).  However,  in  the 
presence  of  3.5  %  NaCl,  the  fatigue  strength  of  the  Al-Li  alloy  was  reduced  by  about  100 
MPa  whereas  the  conventional  A1  alloy  was  hard"»v  effected  in  the  case  of  L  specimens  but 
suffered  a  reduction  similar  to  8090  in  the  T  direction  (Fig.  5b) .  This  indicates  that 
8090  might  be  more  susceptible  to  an  aggressive  environment  than  2024,  when  both  alloys 
are  aged  to  about  peak  strength. 

High  cycle  fatigue  tests  on  notched  specimens  taken  from  the  core  and  the  surface  of  the 
8090-T651  plate  did  not  show  any  specific  difference  (Fig.  6a) .  This  is  in  contrast  to 
other  mechanical  properties  which  differ  depending  on  the  location  of  the  specimen  in  the 
plate  as  will  be  shown  later.  Again  the  comparison  to  two  2000  series  alloys  showed  that 
8090  was  equivalent  or  -  in  the  high  cycle  fatigue  regime  -  even  better  than  the  control 
alloys  (Fig.  6b) . 

Light  microscopy  on  the  polished  surface  of  smooth  S-N  specimens  of  8090-T651  indicated 
that  crack  initiation  takes  {.lace  at  constituent  particles  (Fig.  7).  This  means  that  the 
initiation  mechanism  is  the  same  as  for  conventional  high  strength  A1  alloys.  Therefore, 
a  large  portion  of  the  higher  fatigue  strength  of  8090  compared  to  conventional  A1  alloys 
can  be  attributed  to  the  smaller  size  and  lower  volume  fraction  of  constituents,  since 
large  particles  lead  to  intensified  local  stress  fields,  i.e.  early  crack  nucleation  and 
thus  reduced  fatigue  strength. 
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Fatigue  Crack  .PEgpftgation 

Fatigue-life  curves  give  a  quick  impression  about  the  fatigue  performance  of  materials. 

In  Fig.  8  constant  amplitude  tests  on  8090-T651  with  R  *  0.1  and  S  "70  MPa  are  corn- 

max 

pared  to  two  different  2000  series  alloys  in  terms  of  plots  of  half  crack  lengths  vs. 
number  of  fatigue  cycles.  8090-T651  exhibited  a  fatigue  crack  growth  life  about  five 
times  as  long. 

More  insight  into  the  fatigue  crack  propagation  behaviour  can  be  obtained  from  da/dN-AK 
plots.  Fig.  9  shows  fatigue  crack  growth  rate  data  for  different  8090-T651  plates  in  T-L 
orientation  at  R  *  0.1.  It  is  evident  that  for  the  entire  fatigue  crack  growth  range 
measured  the  Al-Li  alloy  is  superior  to  the  two  2000  series  control  alloys.  For  low  and 
intermediate  Ak  values,  cracks  in  the  Li-containing  alloy  propagated  more  than  an  order 
of  magnitude  slower  than  for  the  conventional  alloys.  Furthermore,  a  distinct  plateau  in 
the  da/dN-AK  curve  was  observed  at  about  10  5mm/cycle  which  is  also  evident  in  Fig.  10. 
Here,  fatigue  crack  growth  results  under  constant  amplitude  loading  are  shown  for  LT 
(Fig.  10a)  and  TL  orientations  (Fig.  10b)  of  25  mm  8090-T651.  Again,  the  comparison  to 
two  different  2024  tempers  revealed  the  superior  behaviour  of  the  Li-containing  alloy. 

The  investigation  of  fracture  surfaces  of  fatigued  specimens  gave  explanations  for  the 
retarded  growth  behaviour  of  8090  especially  in  the  plateau  regime. 

Fig.  13  shows  a  macrograph  of  the  fracture  surface  of  a  fatigued  and  fractured  8090 

specimen  in  LT  orientation  tested  at  R  »  0.1.  Four  different  areas  can  be  clearly 

distinguished:  a  light  grey  area  of  the  threshold  regime,  a  dark  area  corresponding  to 

the  plateau  regime  of  the  curve  in  Fig.  10a,  a  grey  high  growth  rate  area,  and  finally, 

the  area  of  fast  fracture.  Higher  magnification  scanning  electron  microscopy  revealed 

that  the  plateau  area  showed  a  much  rougher  appearance  (Fig.  12b)  than  the  threshold 

regime  (Fig.  12a).  Furthermore,  large  portions  of  the  plateau  area  were  densely  covered 

with  often  spherical  deposits  (Fig.  12c)  which  are  the  reason  for  the  dark  appearance  of 

this  area  of  the  fractured  surface  in  Fig.  11.  It  is  believed  that  these  deposites 

originate  from  fretting  of  the  fracture  surfaces  during  crack  propagation.  In  general  the 

fracture  surfaces  of  8090  proved  to  be  considerably  rougher  than  those  of  the  control 

alloys.  This  is  evident  from  Fig.  13  where  cross  sections  of  fatigue  fracture  surfaces  of 

8090-T651  and  2024-T351  are  compared.  To  quantify  the  surface  roughness,  a  roughness 

factor,  1„/1^,  was  introduced.  This  factor  is  defined  as  the  ratio  of  the  measured  actual 
r  p 

length  of  the  surface  profile  and  the  projected  length  of  the  surface.  Fig.  14a  shows  the 
quantified  surface  roughness  as  a  function  of  AK.  Compared  to  the  2000  series  control 
alloys,  the  roughness  factor  for  8090  was  substantially  higher  and  increased  with 
in  :reasing  A K.  The  much  rougher  fracture  path  in  the  Al-Li  alloy  is  probably  a  result  of 
the  strong  crystallographic  texture  for  this  material,  as  X-ray  measurements  on  8090  a..J 
2024  plate  material  have  shown  /6/. 

All  these  findings  give  strong  indications  that  the  superior  fatigue  growth  behaviour  of 
the  Al-Li  alloy  is  primarily  due  to  crack  closure  effects  resulting  from  surface  roughness 
and  fretting  deposits.  This  assumption  is  supported  by  KQp  measurements  shown  in  Fig.  14b. 
Comparison  of  Figs.  14a  and  b  shows  that  the  surface  roughness  and  the  crack  opening 
behaviour  reveal  similar  tendencies.  This  indicates  a  direct  relation  between  these  para¬ 
meters  and  proves  that  surface  roughness  is  the  main  cause  of  high  crack  opening  stress 
intensities  which  reduce  the  effective  AK-values  and  can  expl  lin  the  overall  superior 
fatigue  crack  growth  behaviour  of  the  Al-Li  alloy.  In  addition  the  fretting  deposits  tend 
to  further  close  the  crack  in  the  plateau  regime,  thus  explaining  the  strong  crack  retar¬ 
dation  of  8090-T651  ac  intermediate  A K  values  (Figs.  9  and  10). 

The  above  assumptions  are  further  supported  by  high  R-ratio  fatigue  crack  growth  tests, 
where  crack  closure  is  less  dominant.  It  is  evident  that  the  differences  in  fatigue  crack 


growth  behaviour  between  8090  and  2024  become  smaller  once  the  R-ratio  is  raised  from  R  = 
0.1  to  0.5  (compare  Figs.  9  and  15).  Increasing  the  R-ratio  further  to  0.7  brings  the 
curves  for  the  various  alloys  even  closer  together  with  8090-T651  partly  matching  2024- 
T351  but  still  being  superior  to  2024-T851  (Fig.  16).  Furthermore,  the  characteristic 
plateaus  present  for  low  R-ratio  crack  growth  curves  (Figs.  9,  10  and  16)  become  less 
pronounced  or  even  disappear  at  high  R-ratios  (Figs.  15  and  16).  The  fact  that  even  at 
high  R-ratios  the  Al-Li  alloy  still  shows  partly  a  superior  propagation  behaviour  in  air 
over  the  conventional  alloys,  suggests  that  closure  effects  cannot  account  alone  for  their 
excellent  fatigue  crack  propagation  behaviour.  For  instance,  the  improved  Young's  modulus 
will  contribute  to  their  better  fatigue  crack  propagation  performance.  Other  possible 
factors  include  crack  deflection  and  crack  branching.  Both  lead  to  reduced  stress  inten¬ 
sities  at  the  crack  tip(s)  thus  decreasing  the  fatigue  crack  growth  rate.  A  specifically 
impressive  example  for  crack  branching  in  the  Al-Li  alloy  is  shown  in  Fig.  17.  Secondary 
cracks  are  longer  than  10  mm- 

Another  interesting  observation  was  made  by  performing  fatigue  crack  growth  measurements 
on  specimens  taken  from  the  core  of  the  plate  and  on  near-surface  specimens.  In  Fig.  18a 
crack  growth  curves  are  plotted  for  these  two  specimen  locations  and  compared  to  2000 
series  alloys.  Apart  from  the  fact  that  8090  was  superior  over  the  conventional  alloys, 
the  core  specimens  showed  much  better  behaviour  than  the  surface  material.  In  addition, 
both  Al-Li  specimens  not  only  showed  a  pronounced  plateau  but  also  decreasing  crack 
growth  rates  with  increasing  at  about  8-12  MPa  ^m  and  10  *  mm/  cycle,  where  usually 
the  plateau  was  determined  (Figs.  9,  10  and  16).  Such  a  decrease  in  growth  rate  with 
increasing  stress  intensity  amplitude  in  the  plateau  regime  was  also  observed  during 
other  fatigue  crack  growth  tests  on  8090  plate  material  /l,  3/.  This  somewhat  abnormal 
behaviour  can  be  explained  by  measurements  of  the  crack  opening  stresses.  From  Fig.  18b 
it  is  evident  that  the  crack  opening  load  for  8090  increases  dramatically  at  the  lower 
end  of  the  curve  -  contrary  to  the  two  conventional  alloys.  Therefore  it  is  obvious  that 
the  strong  increase  of  drastically  reduces  the  effective  experienced  at  the  crack 

tip.  This  effect  overcompensates  the  increase  in  4K  due  to  the  increase  in  crack  length 
and  therefore  can  explain  the  negative  slope  in  the  da/dN-4K  curves  of  Fig.  18a. 

To  better  understand  the  difference  in  fatigue  crack  growth  behaviour  between  core  and 
surface  material  (Fig.  18a)  it  is  essential  to  know  that  the  core  and  the  centre  of  the 
plate  revealed  severe  differences  in  preferred  crystallographic  orientation.  From  the 
(111)  pole  figures  in  Fig.  19  it  is  evident  that  the  texture  is  much  more  pronounced  in 
the  centre  of  the  plate  (t/2)  compared  to  the  near  surface  location  (t/10) .  A  more  pro¬ 
nounced  crystallographic  texture  means  that  the  differences  in  orientation  between  neigh¬ 
bouring  grains  are  small.  Since  cracks  propagate  along  crystallographic  planes,  grain 
boundaries  in  highly  textured  material  represent  less  severe  obstacles  for  propagating 
cracks.  This  increase  in  slip  length  will  lead  to  rougher  fracture  surfaces  for  the 
highly  textured  core  material  as  can  be  seen  from  Fig.  20  where  core  and  surface  rough¬ 
ness  factors  are  plotted  versus  ^K.  Therefore,  the  difference  in  crystallographic  tex¬ 
ture  between  core  and  surface  can  explain  the  higher  crack  opening  loads  and  therefore  the 
slower  crack  growth  rates  for  core  material  compared  to  near-surface  material  (Fig.  18). 

To  investigate  the  influence  of  an  aggresive  environment  on  the  fatigue  crack  propagation 
behaviour  of  Al-Li  alloys  additional  tests  were  performed  in  aqueous  3.5  %  NaCl  solution. 
Fig.  21  shows  the  results  for  8090-T651  tested  at  two  different  R-ratios  in  LT  and  TL 
orientation.  Compared  to  the  two  2000  series  tempers  the  Al-Li  alloy  showed  mostly 
superior  growth  rates  at  the  low  R-ratio,  while  this  superiority  essentially  disappeared 
at  the  high  R-ratio.  Nevertheless,  8090  still  showed  equivalent  fatigue  crack  growth 
properties  to  the  2024  tempers  at  R  -  0.7. 

Another  interesting  observation  made  for  8090  is  the  fact  that  the  threshold  for  fatigue 
crack  growth  at  R  -  0.1  is  higher  in  the  more  aggressive  3.5  %  NaCl  solution  than  in  air 


{Fig.  22).  It  is  believed  that  such  a  behaviour  is  due  to  another  closure  effect  caused 
by  corrosion  debris  on  the  fracture  surface;  especially  since  this  effect  disappears  at 
the  high  R-ratio  {Fig.  22).  To  get  experimental  evidence  on  this  statement,  a  CT  specimen 
of  8090-T651  was  fatigued  in  air  at  R  *  0.1  to  near-threshold  fatigue  crack  growth  rates. 
Then  the  crack  tip  of  the  specimen  was  flooded  with  aqueous  3.5  %  NaCl  solution  while  the 
specimen  was  continuously  cycled.  As  expected  from  the  da/dN-curves ,  the  crack  growth 
rate  decelerated  and  finally  stopped  in  the  sodium  chloride  solution.  During  the  whole 
procedure  the  load/displacement  of  the  specimen  was  continuously  monitored.  From  Fig.  23 
it  is  obvious  that  the  crack  tip  opening  stress  intensity  increased  by  about  10  %  when 
the  environment  was  changed  from  air  to  NaCl  solution.  Therefore,  it  is  very  likely  that 
the  fact  that  for  the  Al-Li  alloy  at  low  R-ratio  the  threshold  in  the  corrosive  environment 
is  higher  than  in  air  is  due  to  an  additional  closure  effect  caused  by  corrosion  debris 
which  deposits  on  the  fracture  surface.  Similar  observations  were  also  made  for  2024-T351 
but  not  for  2024-T851  (compare  Figs.  16  and  21). 


Summary  and  Conclusions 

•  Compared  to  conventional  high  strength  A1  alloys  8090  plate  material  investigated  in 
the  frame  of  GARTEUR  showed  at  least  equivalent  high  cycle  fatigue  properties  in  air  as 
well  as  in  sodium  chloride  solution. 

•  Crack  initiation  takes  place  at  large  constituent  particles  for  both  Li-containing  and 
Li-free  alloys. 

•  In  general,  the  constant  amplitude  fatigue  crack  propagation  behaviour  for  8090  is  much 
superior  compared  to  the  control  alloys. 

•  The  main  reason  for  the  excellent  fatigue  crack  propagation  behaviour  is  crack  closure 
due  to  fracture  surface  roughness  and  fretting  debris. 

•  The  pronounced  roughness  is  probably  a  result  of  a  strong  crystallographic  texture. 

•  The  difference  in  fatigue  crack  propagation  behaviour  of  core  and  surface  material  is 
caused  by  a  texture  gradient  over  the  plate  thickness. 

•  In  aqueous  3.5  %  NaCl  solution  8090  showed  equivalent  or  better  fatigue  crack  propagation 
behaviour  than  2000  series  control  alloys. 

•  At  low  growth  rates  cracks  in  8090  propagated  slower  in  NaCl  solution  than  in  air, 
which  is  attributed  to  an  additional  closure  effect  caused  by  corrosion  debris. 
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Optical  micrograph  showing  a  three  dimensional  view  of  8090  (a)  and  2024  (b) 
(DFVLR) . 


TEM  dark  field  (a)  and  bright  field  (b  and  c)  micrographs  of  8090-T651  of  the 
same  area  showing  «/'  (a  and  b)  ,  S'  (b  and  c)  ,  PFZ  (a  to  c)  and  grain  boundary*/ 
(b  and  c)  (DFVLR)  . 


Peak  stress  MPa  P«»k  stress  MPa 


6-9 


8090-T651 


J_U - 1  I  1  ■  ■  1  lii - 1 - 1 - I—  L  1  i-.i-jJ _ 

10S  10*  I07 

Life  cycles 


8090-T651 


© 

i  i  i  i  >  ii *  1  i  -  i  i  i  i  > ii 1  — i  a _ i  I  I  I  1  il — 

10*  105  10* 
Life  cycles 


10* 


Fig.  3: 


S-N  data  at  R  =  0.1  for  8090-T651  compared  to  2000  series  alloys  for  smooth  (a) 
and  notched  (b)  specimens  tested  in  laboratory  air  (RAE) . 


STRESS  AMPLITUDE 


Fig.  5:  S-N  curves  at  R  =  -1  for  8090-T651  and  2024-T851  tested  in  laboratory  air  (a) 

and  aqueous  3.5  %  NaCl  solution  (b)  (DFVLR). 


Fig.  6:  S-N  curves  for  notched  specimens  (Kt  =*  3.1)  at  R  =  0.1  in  L  direction. 

8090-T651,  comparison  of  core  and  near-surface  specimens  (a),  comparison  of 
8090-T651  and  2000  series  alloys  (b)  (NLR) . 


Fig.  7:  Optical  micrograph  of  the  polished  Fig.  8: 

surface  of  a  8090-T651  specimen 
tested  at  R  *  -1  in  L  direction 
in  laboratory  air  showing  crack 
Initiation  at  constituent  par¬ 
ticle  (DFVLR) . 


Fatigue  life  curves  at 
R  »  0.1  for  two  different 
8090-T651  specimens  in 
L  direction  compared  to 
2000  aeries  alloys  (NLR) . 
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Fig.  9:  Fatigue  crack  growth  behaviour  at  R  *  0.1  for  8090-T651  plates  compared  to 

2000  series  alloys  (two  scatterbands  for  two  different  25  mm  8090  plates) 
(RAE) . 


Fig.  10:  Fatigue  crack  growth  curves  at  R  *  0.1  for  8090-T651  compared  to  two  2024 
tempers  for  L-T  (a)  and  T-L  (b)  specimens  tested  in  laboratory  air  ( DFVLR ) 
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Fig.  11:  Optical  macrograph  of  the  fracture  surface  of  a  fatigued  and  fractured  8090- 

T651  CT  specimen  in  L-T  orientation  tested  at  R  =  0.1  in  laboratory  air  (DFVLR) . 
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Fig.  12:  SEM  micrographs  taken  from  different  areas  of  the  fracture  surface  given  in 
figure  11  (DFVLR) . 
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Fig.  15:  Fatigue  crack  growth  behaviour  at  R  »  0.5  for  8090-T651  and  2024-T851  (RAE) . 


Fig.  16: 


Fatigue  crack  growth 
two  2024  teaper*  for 


curves  at  R  *  0.1  and  R  *  0.7  for  8090-T651  compared  to 

L-T  (a)  and  T-L  (b)  specimens  tested  in  laboratory  air  (DFVLR) . 
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Fig.  17:  Polished  surface  of  a  fatigued  CT  specimen  of  8090-T651  in  L~T  orientation 
showing  extensive  crack  branching  (DFVLR) . 


Fig.  18:  Fatigue  crack  growth  rate  (a)  and 

crack  opening  stress  (b)  as  a  func¬ 
tion  of  4K  for  8090-T651  near-sur¬ 
face  and  near-core  specimens  tested 
at  R  *  0.1  and  compared  to  2000 
series  alloys  (NLR) . 
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Fig.  19:  fill)  pole  figures  of  the 
25  mm  thick  8090  plate  de¬ 
termined  at  t/10  (near 
surface)  (a)  and  >./ 2 
(core)  (b)  (DFVLR) . 
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Fig.  20:  Surface  roughness  as  a  function  of  AK  for  8090-T651  near-surface  and  near¬ 
core  specimens  tested  at  R  =  0.1  (NLR) . 


Fig.  21:  Fatigue  crack  growth  curves  at  R  =  0.1  and  R  =  0.7  for  8090-T651  compared  to 

two  2024  tempers  for  L-T  (a)  and  T-L  (b)  specimens  tested  in  aqueous  3.5  %  NaCl 
solution  (OFVLRi . 
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Fig.  23:  Increase  of  crack  tip  opening  load  of  8090-T651  (R  =  0.1,  L-T  orientation)  at 
threshold  growtn  rates  during  the  change  of  environment  from  air  to  aqueous 
3.5  %  NaCl  solution  (DFVLR) . 
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SUMMARY 

A  programme  of  research  to  evaluate  the  corrosion  and  stress  corrosion  resistance  of 
experimental,  pre-production  and  production  quality  aluminium  -  lithiu"  sheet  and  plate 
alloys  is  described.  Accelerated  laboratory  tests  and  outdoor  trials  ?  been  used  to 
compare  the  corrosion  behaviour  of  aluminium  -  lithium  alloys  with  co  Honal 

aerospace  alloys.  The  work  was  carried  out  at  NLP,  DFVLR,  Fokker  and  frit  as  part  of  the 
collaborative  GARTEUR  Group  of  Responsables  for  Structures  and  Materials  AG07  activity 
on  aluminium  -  lithium  alloys. 

1  INTRODUCTION 

The  last  few  years  has  seen  the  development  of  aluminium  -  lithium  alloys  in  Europe 
and  North  America.  The  potential  advantages  of  these  materials  compared  with 
conventional  aerospace  aluminium  alloys  in  terms  of  lightness  and  stiffness  have  been 
well  documented  (Ref  1>.  The  aim  has  been  to  develop  a  family  of  alloys  in  the  form  of 
plate,  sheet,  forgings  and  extrusions  which  may  be  regarded  as  replacements  for  the 
current  medium  and  hign  strength  aluminium  alloys  and  damage  tolerant  alloys.  Most  of 
the  early  research  was  naturally  concentrated  on  achieving  the  desired  mechanical 
properties  but  it  was  appreciated  that  the  corrosion  and  stress  corrosion  resistance  of 
any  new  alloy  should  be  at  least  as  good  as  the  material  it  was  intended  to  replace. 
Corrosion  continues  to  be  a  major  problem  with  both  military  and  civil  aircraft  and 
although  modern  paint  schemes  are  very  effective,  the  inherent  corrosion  resistance  of 
the  substrate  metal  is  important  if  the  paint  is  damaged  in  service. 

In  1903  a  meeting  was  held  to  discuss  the  formation  of  a  GARTEUR  (  Group  for 
Aeronautical  Research  and  Technology  in  Europe  )  action  group  to  coordinate 
collaborative  research  on  aluminium  -  lithium  alloys.  An  important  part  of  the  GARTEUR 
programme  was  to  evaluate  the  corrosion  and  stress  corrosion  behaviour  of  Aluminium  - 
lithium  alloys.  One  of  the  main  oLjectives  has  been  to  compare  the  aluminium  -  lithium 
alloys  with  existing  alloys  and  to  assess  which  of  the  accelerated  tests  gives  the  most 
accurate  prediction  in  a'  real  erv'cnment.  This  paper  describes  the  research  carried  out 
at  NLR,  DFVLR,  Fokker  and  RAE.  A  i  imber  of  reports  and  papers  have  been  published  during 
the  course  of  this  programme  which  go  into  some  depth  about  various  aspects  of  trie  work. 
These  are  detailed  in  references  2-6. 

2  MATERIALS 

All  research  reported  in  this  paper  was  carried  out  on  ei ther  sheet  or  plate  material. 
Details  of  the  compositions  and  heat  treatments  of  the  sheet  alloys  studied  are  given  in 
table  1.  The  sheets  with  one  exception  were  all  approx imately  1.6mm  thick.  Of  the  early 
materials  produced  at  RAE,  alloy  96  aged  for  1 . 5h  at  170°C  was  intended  as  a  law 
strength  high  toughness  material.  Alloy  98  was  roughly  equivalent  to  DTD  XXXA  and  was 
considered  as  a  possible  replacement  for  2014-T6.  Alloy  80R  was  a  high  strength 
variation  now  replaced  by  0091  and  alloy  C2M4  was  similar  in  composition  to  Soviet 
produced  material. 

The  other  sheet  materials  examined  were  manuf ac tu red  commercial'  The  8090  allays 
were  supplied  by  Alcan  whilst  the  2091  alloys  were  provided  by  Tegedur  Pechiney.  The 
0090  alloys  evaluated  included  early  materials  produced  from  laboratory  dc  cast  alloys 
as  well  as  current  production  quality  material.  In  the  later  stages  of  the  programme 
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recrystal  V ised  material  was  available  and  is  identified  as  0O9OC .  The  2091  sheet  was 
supplied  as  production  quality  material. 

The  plate  alloys  were  supplied  by  Alcan  and  composition  and  heat  treatment  details  are 
given  in  table  2.  The  11mm  iQRI-2).  25mm  (RDV)  and  50mm  (RKT)  alloys  were  ear  1 y 
production  materials.  The  remaining  0090  plate  alloys  represent  production  grade 
mater i a  Is . 

3  TESTING  PROCEDURES 

3.1  Accelerated  Corrosion  Tests 

Details  of  the  various  accelerated  corrosion  tests  employed  in  the  programme  are 
given  in  table  3.  Neutral  salt  fog  (ASTM  B117  ref  8)  and  alternate  and  total  immersion 
tests  in  salt  solution  were  used  to  compare  with  the  medium  strength  aluminium  -  coppei 
and  high  strength  aluminium  -  zinc  -  magnesium  alloys  the  resistance  of  aluminium  - 
lithium  alleys  to  general  *md  pitting  corrosion.  Marine  exposure  trials  on  early  sheet 
alloys  indicated  that  aluminium  -  lithium  alloys  may  lie  susceptible  to  intergranular  and 
exfoliation  coi  rosion.  The  MASTMAASIS  (  Intermittent  acidified  salt  fog  )  test 
originally  developed  by  Lifka  and  Sprowls  (ref  9)  and  the  EXCO  test  detailed  in  ASTM 
standard  G34-79  (ref  10)  were  therefore  extensively  used  to  assess  the  susceptibility  of 
sheet  and  plate  aluminium  -  lithium  alloys  to  exfoliation  attack.  Resistance  to 
intergranular  corrosion  was  evaluated  using  the  corrosion  test  described  in  Mil-H-6088 
(ref  11). 

Standard  electrochemical  techniques  have  been  employed  to  determine  the  open  circuit 
and  pitting  potentials  of  aluminium  -  lithium  and  conventional  aerospace  aluminium 
al  lovs  . 


3.2  Outdoor  Exposure 

Marine  exposure  trials  were  conducted  at  the  Fleet  Maintenance  and  Repair 
Organisation,  Exposure  Trials  Station,  Eastney,  England.  Samples  were  fixed  on  wooden 
frames  using  ceramic  bushes  so  that  they  faced  due  south.  The  frames  were  inclined  at  an 
angle  of  45°. 

Tests  were  also  made  at  NLR .  North  East  Polder,  in  The  Netherlands.  Specimens  were 
mounted  on  a  corrosion  rack  at  an  angle  of  45°  to  the  horizontal  and  faced  south  -  west. 
The  site  is  basically  rural  but  is  sometimes  affected  by  industrial  pollution.  The 
acidity  of  the  rainwater  over  a  year  varied  from  pH  4.3  to  6.9  the  average  toeing  pH  5.3. 

3.3  Stress  Corrosion  Tests 

Smooth  specimens  were  used  to  study  the  initiation  of  stress  corrosion  cracking  and  to 
enable  the  threshold  stresses  to  be  determined.  For  the  sheet  material  both  alternate 
immersion  tests  to  ASTM  specification  G44-75  (ref  12)  and  slow  strain  rate  tests  were 
used.  The  specimens  used  in  the  alternate  immersion  test  were  of  the  bent  beam  type  and 
consisted  of  20mm  wide  by  200mm  long  strips.  Testing  was  carried  out  in  3.5V.  salt 
solution  and  synthetic  seawater  prepared  to  ASTM  D1147-75  (ref  13)  but  without  the 
addition  of  heavy  metals.  Slow  strain  rate  tests  were  made  in  3.5%  salt  solution. 

The  stress  corrosion  behaviour  of  25mm  thick  plate  was  evaluated  using  C-ring  and 
tuning  fork  type  specimens  machined  so  that  the  ST  direction  was  stressed.  For  the  V-imm 
and  50mm  plate  tension  bars  were  used  and  were  stressed  in  o  modified  Alcoa  riq.  Testing 
was  carried  out  using  alternate  immersion  and  marine  exposure  at  the  Eastney  site.  Some 
of  the  25mm  thick  plate  was  also  examined  using  the  slow  strain  test.  Details  of  this 
technique  have  been  published  elsewhere  (ref  1<»).  In  these  tests  the  performances  in 
both  the  LT  and  ST  directions  were  studied. 

The  resistance  to  stress  corrosion  crack  gt owth  in  25mm  plate  was  determined  using 
Double  Cantilever  Beam  < DCB >  type  specimens  machined  in  the  longitudinal  direction. 

After  fatigue  precracking  specimens  were  either  subjected  to  alternate  immersion  in 
synthetic  seawater  or  were  exposed  at  the  NLR  site  in  North  East  Polder. 

4  RESULTS  AND  DISCUSSION 

4.1  Corrosion  Resistance 

4.1.1  Sheet  Alloys 

The  corrosion  behaviour  of  a  number  of  experimental  sheet  alloys  cast  and  rolled  at 
the  Royal  Aerospace  Establishment  were  evaluated  using  both  accelerated  laboratory  tests 
and  exposure  to  a  marine  environment.  The  per formances  of  the  alloys  were  compared  with 
four  commercially  produced  sheet  aerospace  aluminium  alloys.  Table  4  summarises  the 
appearances  of  the  test  coupons  after  exposure  and  fig.  1  gives  the  depths  of  attack. 

Under  marine  exposure  conditions,  all  the  experimental  sheet  aluminium  -  lithium 
alloys  investigated  were  found  to  undergo  exfoliation  attack.  In  contrast,  the  unclad 
control  alloys  were  prely  pitted  and  sectioning  confirmed  that  whilst  intergranular 
attack  had  occurred  it.  -wo  of  the  alloys,  no  exfoliation  had  taken  place.  The  EXCO  and 
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MASTMAASIS  tests  succeeded  in  generating  exfoliation  corrosion  in  most  of  the  aluminium 
-  lithium  alloys.  Weightloss  and  pitting  depth  measurements  made  after  total  immersion, 
alternate  immersion  and  neutral  salt  fog  tests,  indicated  that  the  aluminium  -  lithium 
alloys  were  generally  more  resistant  to  pitting  corrosion  than  the  unclad  aluminium 
alloys  currently  used  in  airframe  construct  ion .  The  copper  free  alloy,  C2M4,  was 
particularly  resistant  to  pitting  and  compared  with  the  Alclad  7475  -  T761  alloy.  The 
corrosion  data  obtained  suggested  that  although  the  experimental  sheet  aluminium  — 
lithium  alloys  wpre  susceptible  to  exfoliation,  the  depth  of  attack  was  no  greater  than 
the  depth  of  pitting  which  occurred  in  the  control  alloys. 

The  limited  data  obtained  with  alloy  96  further  indicated  that  ageing  may  influence 
the  susceptibility  to  exfoliation  corrosion.  This  aspect  was  looked  at  further  using 
early  sheet  aluminium  -  lithium  alloy  (RCO)  manufactured  by  Alcan.  Material  was  aged  at 
170°C  and  185°C  for  various  times  upto  6*+h .  Coupons  were  subjected  to  accelerated 
laboratory  corrosion  tests  and  exposure  to  a  marine  environment.  The  results  obtained 
arr®  summarised  in  table  5,  and  show  that  the  susceptibility  of  the  sheet  material  was 
strongly  dependent  on  ageing  treatment.  Table  5  indicates  that  material  was  most 
susceptible  to  exfoliation  corrosion  when  it  was  heat  treated  at  170°C  for  8h  or  at 
185°C  for  l . 5h .  Heat  treating  for  longer  times  at  these  temperatures  considerably 
improved  the  resistance  of  the  alloy  to  this  type  of  corrosion.  Confirmation  that  this 
was  due  to  a  reduction  in  susceptibility  to  intergranular  corrosion  is  provided  by  the 
data  presented  in  fig  2.  This  shows  that  the  mean  width  of  attack  which  is  directly 
related  to  the  susceptibility  to  intergranular  corrosion  decreases  with  extended  ageing 
times  at  170°C  and  185°C. 

The  corrosion  resistance  of  unrecryst a  1 1 i sed  8090  aluminium  -  lithium  alloy  sheet  has 
been  evaluated  in  both  a  rural  environment  and  when  exposed  to  a  marine  atmosphere.  Data 
obtained  by  NLR  for  material  in  the  T6  and  T8  tempers  after  1  years  exposure  at  the 
North  East  Polder  test  site  is  included  in  table  6.  The  alloy  in  both  tempers  showed 
the  beginning  of  exfoliation  blistering  but  an  aluminium  -  copper  alloy,  2024-T3, 
exposed  over  the  same  period  showed  no  appreciable  corrosion  attack.  In  a  marine 
environment  the  development  of  exfoliation  corrosion  is  more  rapid.  Fig  3  shows  the 
results  of  trials  made  on  two  8090  type  alloys  (RDT  and  RGS > .  Both  alloys  showed 
extensive  exfoliation  attack  after  l  years  exposure.  The  degree  of  attack  was  greatest 
when  the  alloys  were  only  lightly  aged  ie.  3h  at  170°C.  Extending  the  heat  treatment  to 
64h  significantly  reduced  the  exfoliation.  This  is  in  keeping  with  results  obtained  on 
early  sheet  material. 

Accelerated  corrosion  tests  in  the  form  of  EXCO  and  MASTMAASIS  have  been  used  to 
evaluate  the  resistance  to  exfoliation.  Results  obtained  by  NLR  for  8090  -  TS  sheet 
using  various  immersion  times  in  EXCO  solution  are  reproduced  in  table  7  and  DFVLR  data 
for  8090  -  T 6  sheet  are  given  in  table  8.  Both  materials  readily  exfoliated  in  EXCO 
solution.  In  the  MASTMAASIS,  intermittent  acidified  salt  fog  test,  the  level  of 
exfoliation  attack  developed  was  less  severe  as  indicated  by  the  data  in  tables  9  and 
10.  No  difference  in  performance  could  be  detected  in  the  NLR  tests  between  the  T6  and 
T8  conditions. 

A  limited  amount  of  8090C  recr ysta 1 1 i sed  sheet  became  available  during  the  later 
stages  of  the  collaborative  programme.  Results  obtained  for  material  aged  at  150°C  for  1 
hour  are  given  in  table  11.  After  19  months  marine  exposure  some  evidence  of  exfoliation 
attack  was  detected.  It  was  also  possible  to  generate  exfoliation  in  the  laboratory 
tests . 

2091  aluminium  alloy  sheet  which  had  been  produced  commercially  was  evaluated  in  a 
number  of  temper  conditions  by  DFVLR,  NLR,  Fokker  and  RAE .  The  results  of  natural 
exposure  trials  made  in  a  rural  environment  and  under  marine  conditions  are  given  in 
tables  6  and  11  respectively.  In  the  T3  temper  the  alloy  showed  only  a  slight  tendency 
to  exfoliate  after  19  months  marine  exposure.  In  the  other  tempers  examined  early  signs 
of  exfoliation  were  detected  in  both  environments. 

Data  obtained  using  the  EXCO  test  is  included  in  tables  7,8,11  and  12.  Tests  made  by 

Fokker,  NLR  and  RAE  failed  to  develop  exfoliation  in  material  in  the  T3  temper.  All  the 

other  ageing  treatments  examined  promoted  exfoliation  attack.  In  the  MASTMAASIS  test 
exposure  periods  of  upto  16  days  failed  to  generate  exfoliation  corrosion  although 
evidence  of  intergranular  attack  was  found  in  material  in  the  Tx  and  T8x  tempers 

examined  bv  NLR.  The  work  at  DFVLR  on  material  aged  at  150°C  for  12h  and  lOOh  and 

material  aged  at  135°C  for  12h  showed  that  all  three  alloys  had  a  P/EA  rating  after  5 
weeks  exposure.  Differences  in  weightloss  were  determined  thougn  as  shown  in  ■Mg.  4. 
Material  aged  at  135°C  for  12h  appears  to  have  suffered  less  corrosion  t**  'rial 

aged  at  150°C.  Sheet  which  had  been  aged  at  150°C  for  4Bh  by  RAE  was  f  •  give  an 

EA/EB  rating  after  2  weeks  exposure. 

The  intergranular  corrosion  test  described  in  Mil-H-6088F  was  employed  by  Fokker  to 
compare  the  depth  of  attack  in  2091  in  the  T3  and  T8  tempers  with  2024-T3.  It  was  found 
that  2091 -T3  possesses  an  equal  or  better  corrosion  resistance  than  2024-T3  unclad.  In 
the  T0  temper  (40h  at  150°C)  the  2091  alloy  shows  greater  depths  of  intergranular  attack 
than  2024-T3.  Tests  made  by  DFVLR  indicated  that  pitting  and  i ntergr anu 1 ar  attack  could 
occur  to  depths  of  upto  150um. 

The  identification  of  a  suitable  test  for  the  exfoliation  of  aluminium  -  lithium 
alloys  has  been  one  of  the  aims  of  the  programme.  The  data  in  table  5  indicate  that  the 
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MASTMAASIS  test  gavt  reasonable  correlation  with  exposure  to  a  marine  atmosphere. 
Subsequent  work  with  the  commercially  produced  B090  and  2091  alloys  has  tended  to 
support  this.  The  data  in  tables  6,7  and  9  show  that  the  MASTMAASIS  test  gives  a  similar 
alloy  ranking  to  that  -found  in  atmospheric  exposure.  The  weightless  data  in  fig.  4 
suggest  that  extending  the  period  of  testing  for  upto  5  weeks  may  be  advantageous  in 
detecting  differences  in  performance  between  alloys  which  superficially  show  similar 
levels  of  exfoliation. 

<*.1.2  Plate  Alloys 

The  corrosion  behaviour  of  11mm  (QRI-2)  and  25mm  <RDV>  thick  B090  plate  materials 
produced  in  the  early  stages  of  the  programme  were  evaluated.  Each  alloy  was  evaluated 
in  the  naturally  aged  condition  and  after  artifically  ageing.  In  the  case  of  the  11mm 
plate  ageing  treatments  of  1.5h  at  170°C  and  16h  at  190°C  were  employed  whilst  the  25mm 
thick  plates  was  aged  at  190°C  for  16  and  64  hours.  The  results  of  marine  exposure,  EXCO 
and  MAASTMASIS  tests  are  summarised  in  table  13.  Exposure  of  the  25mm  plate  to  a  marine 
atmosphere  for  415  days  generated  only  slight  exfoliation  attack.  The  ilmm  pl«*te 
exhibited  slightly  more  severe  exfoliation  after  exposure  for  630  days,  which  may  be 
attributed  to  the  longer  exposure  period  or  may  be  associated  with  a  more  elongated 
grain  structure  in  the  thinner  section.  The  EXCD  and  MASTMAASIS  tests  generated  severe 
exfoliation  corrosion,  more  so  than  in  the  marine  exposure  trials.  The  11mm  plate  was 
particularly  susceptible  to  attack  in  the  artifically  aged  conditions  when  the  1/2T 
plane  was  exposed  to  acidified  salt  fog.  Artifically  aged  test  coupons  of  the  25mm 
plates  were  less  susceptible  in  this  test. 

The  corrosion  resistance  of  production  quality  25mm  8090  plate  in  the  T651  condition 
was  evaluated  by  NLR  and  DFVLR.  The  EXCO  test  results  given  in  tables  14  and  15  suggest 
that  the  alloy  is  very  susceptible  to  exfoliation  corrosion.  In  the  NLR  work  three  hours 
immersion  was  found  to  be  sufficient  to  generate  significant  exfoliation  attack. 
Comparisons  were  made  with  two  aluminium  —  copper  alloys  2024-T351  and  2324-T39  and 
whilst  both  materials  showed  a  tendency  to  exfoliate,  the  level  of  attack  was  not  as 
great  as  with  the  aluminium  —  lithium  alloy.  In  the  MASTMAASIS  test,  NLR  found  that  the 
ranking  of  the  alloys  was  reversed,  with  the  control  alloys  showing  greater  weightloss 
than  B090  plate.  This  pattern  of  behaviour  was  closer  to  that  found  when  samples  were 
exposed  at  the  rural  test  site.  After  one  year,  the  control  alloys  were  more  corroded 
than  8090-T651  plate  which  showed  only  slight  attack. 

Research  at  DFVLR  has  looked  at  the  behaviour  of  the  25mm  plate  in  neutral  and 
acidified  salt  spray.  The  results  presented  in  figs. 5  and  6  indicate  that  the  degree  of 
attack  is  highevt  when  tests  are  made  in  continuous  acidified  salt  spray.  Under  these 
conditions  considerable  exfoliation  occurs  whilst  in  the  neutral  salt  fog  test  the 
attack  is  mainly  pitting.  The  MASTMAASIS  test  also  generated  exfoliation  corrosion  as 
well  as  pitting  and  intergranular  attack.  The  intergranular  corrosion  test  (MIL-H-60B8) 
showed  that  there  were  differences  in  the  level  of  attack  between  the  centre  and  edge 
region  of  the  plate.  At  the  centre  the  intergranular  attack  extends  more  in  the  rolling 
plane  and  the  maximum  depth  of  attack  is  80um.  At  the  edge  the  pitting  attack  is  more 
pronounced  and  the  maximum  level  of  attack  is  160um. 

The  general  conclusions  from  this  work  are  that  ?5mm  plate  in  the  T651  temper  is 
susceptible  to  exfoliation  but  the  degree  of  attack  is  less  severe  than  in  alloys  such 
as  2024-T351  and  2324-T39.  The  limited  data  available  suggest  that  the  MASTMAASIS  test 
is  probably  a  more  reliable  test  for  the  aluminium  -  lithium  alloys  than  the  EXCO  test. 

4.2  Stress  Corrosion  Resistance 

4.2.1  Sheet  Alloys 

The  resistance  of  sheet  a lumi nium- I i th ium  alloy  to  stress  corrosion  cracking  was 
evaluated  by  NLR  and  DFVLR  using  bent  beam  specimens.  Additionally  DFVLR  carried  out 
slow  strain  rate  tests.  The  results  obtained  by  NLR  for  2091  and  8090  sheet  materials  in 
various  tempers  and  a  control  alloy  tested  by  alternate  immersion  in  synthetic  seawater 
are  presented  in  fig  7.  The  2091-T3,8090C-T3  and  8090-T3  alloys  all  showed  a  high  stress 
corrosion  resistance  but  in  the  other  alloys  early  crack  initiation  occurred. 

In  the  DFVLR  work  bent  beam  specimens  were  used  to  compare  the  stress  corrosion 
resistance  of  2091  sheet  in  three  tempers.  The  threshold  stresses  determined  are  given 
in  table  16.  The  values  were  determined  using  two  failure  criteria,  crack  initiation  and 
macroscopic  fracture.  The  results  obtained  indicate  that  increased  ageing  in  underaged 
tempers  of  2091  leads  to  an  increase  in  stress  corrosion  resistance.  Tests  made  on  using 
bent  beam  specimens  cut  from  8090-T6  sheet  material  showed  no  signs  of  crack  initiation 
when  tested  by  alternate  immersion  in  3.5*/.  sodium  chloride  solution  or  by  continuous 
immersion  in  2V.  NaCl  +  0.5*/.  NagCrO*,  at  pH3.  Similarly  slow  strain  tests  on  this  material 
failed  to  detect  a  susceptibility  to  stress  corrosion  cracking. 

Concerning  the  stress  corrosion  testing  of  2091  sheet  alloys  it  should  be  mentioned 
that  with  recrystallised  aluminium  -  lithium  alloys,  i.e.  2091  and  8090-Lital  C,  the 
stress  corrosion  cracking  behaviour  determined  by  accelerated  tests  is  strongly 
dependent  upon  environmental  conditions.  Bent  beam  specimens  of  2091  sheet  alloys  (  and 
also  of  0090  Lital  C  )  in  underaged  heat  treatments  are  susceptible  to  stress  corrosion 
cracking  if  they  are  alternately  immersed  in  aqueous  3.5*/.  NaCl  solution.  When 
continuously  immersed  in  3.5*/.  NaCl  solution  these  underaged  recrystallized  a},oys  show 


no  macroscopic  fracture  and  no  crack  initiation  (detection  of  a  first  crack  at  20x 
magnif icat ion) .  This  should  be  borne  in  mind  when  comparing  the  results  of  conventional 
corrosion  tests  with  those  of  determined  using  the  slow  strain  rate  technique.  More 
investigations  on  that  topic  are  in  progress.  Reasons  for  this  behaviour  are  discussed 
in  the  paper  by  Craig  et  al .  (ref. 15) 

4.2.2  Plate  Alloys 

4.2.2. 1  Initiation  Studies 

The  stress  corrosion  resistance  of  25mm  thick  early  commercially  produced  8090  type 
material  (RDV)  was  evaluated  by  RAE  using  C-ring  type  specimens.  These  were  tested  using 
alternate  immersion  in  3.5%  salt  solution  and  marine  exposure.  The  threshold  stresses 
determined  are  given  in  table  17  together  with  values  for  three  control  alloys.  The 
macro-threshold  stress  refers  to  the  stress  below  which  a  loaded  specimen  riidnot  fail 
after  84  days  testing.  However  sectioning  and  microscopic  examination  of  a  number  of  C - 
rings  which  had  apparently  not  failed  revealed  the  presence  of  intergranular  cracking 
perpendicular  tc  the  direction  of  application  of  stress.  Thus  although  the  threshold 
values  given  in  table  17  give  a  ranking  order  for  the  alloys  they  cannot  be  regarded  as 
threshold  values  in  the  sense  that  at  stress  below  the  threshold  no  stress  corrosion 
cracking  will  develop.  A  second  threshold  value  has  been  included  in  table  17  which 
corresponds  to  the  stress  below  which  no  evidence  of  microcracking  is  found.  If  the  8090 
plate  alloys  are  compared  on  this  basis  it  is  clear  that  they  approach  2014-T6  in 
performance  and  are  rather  better  than  7075-T6.  Tests  in  marine  environment  indicate 
that  the  macro-thresho Id  stresses  are  likely  to  be  less  than  2024-T3  material. 

More  recently  Alcan  produced  8090-T651  25mm  plate  has  been  evaluated  by  NLR  and  DFVLR. 
Constant  strain  and  constant  load  tests  used  by  DFVLR  have  demonstrated  that  the  plate 
material  is  not  susceptible  to  stress  corrosion  cracking  when  tested  in  the  LT 
direction.  This  was  confirmed  by  slow  strain  rate  tests  which  showed  that  in  the  LT 
direction  testing  in  3.5%  sodium  chloride  solution  doesnot  effect  the  mechanical 
properties.  In  the  ST  direction  however  tests  show  that  the  alloy  is  susceptible  to 
stress  corrosion  cracking.  C-ring  data  obtained  by  DFVLR  is  presented  in  fig. 8  and  shows 
that  the  threshold  stress  is  <50MPa  and  compares  with  2014-T651  and  7075-T651  plate. 
However  at  a  given  stress  level  the  time  to  failure  of  the  B090-T651  plate  was  found  to 
be  longer  in  comparison  with  the  control  alloys.  Results  of  the  constant  load  tests  in 
the  ST  direction  are  given  in  fig. 9  and  indicate  that  some  failures  occurred  at  stresses 
below  70MPa.  Metal lograph ic  analysis  of  unbroken  specimens  indicated  that  deep  cracks 
had  formed. 

NLR  work  using  tuning  fork  type  specimens  has  established  that  the  resistance  t.-» 
stress  corrosion  cracking  of  S090-T651  is  slightly  better  than  that  of  2024-T351  and 
2324-T39 .  Results  obtained  are  presented  in  fig. 10. 

44mm  and  50mm  thick  plate  has  been  evaluated  by  RAE.  Tests  were  made  using  tension 
bars  machined  in  the  ST  direction.  Data  obtained  for  the  50mm  thick  plate  (RKT)  using 
alternate  immersion  testing  in  3.5%  sodium  chloride  solution  and  exposure  to  a  marine 
environment  are  given  in  fig. 11  and  show  that  extending  the  ageing  time  from  16  to  64 
hours  improves  the  stress  corrosion  resistance.  Threshold  stresses  obtained  using 
alternate  immersion  testing  are  similar  to  those  determined  under  marine  exposure 
conditions.  For  material  aged  at  190°C  the  threshold  stresses  are  similar  to  those 
contained  for  25mm  thick  plate. 

The  44mm  thick  plate  which  is  currently  being  evaluated  was  aged  at  170°C  for  32  hours 
to  give  the  T8771  temper.  First  results  indicate  that  much  higher  threshold  stresses  may 
be  possible  with  material  in  this  temper. 

4. 2. 2. 2  Crack  Growth  Measurements 

Stress  corrosion  crack  propagation  in  35mm  thick  plate  has  been  evaluated  using  double 
cantilever  beam  specimens  machined  from  the  core  material  in  the  longitudinal  direction. 
Results  comparing  the  crack  growth  with  2024-T251  and  2324-T39  are  reproduced  in  figs. 12 
and  13.  In  the  laboratory  tests  the  two  control  alloys  showed  higher  crack  growth  rates 
than  the  aluminium  -  lithium  alloy  but  under  rural  exposure  conditions  the  crack  growth 
rate  in  the  aluminium  -  lithium  alloy  was  highest.  It  was  found  that  corrosion  product 
wedging  had  occurred  in  the  laboratory  tests  and  was  probably  the  main  driving  force  for 
stress  corrosion  cracking  for  2024-T351  and  2324-T39. 

4.3  Electrochemical  Measurements 

A  limited  amount  of  data  has  been  obtained  on  the  effects  of  ageing  on  the  rest  and 
pitting  potentials  of  aluminium  -  lithium  alloys.  Pitting  potential  measurements  made  by 
DFVLR  are  summarised  in  table  16  and  show  that  with  increased  ageing  the  pitting 
potential  of  2091  sheet  aluminium  -  lithium  alloy  becomes  more  electronegative 
approaching  the  values  obtained  for  aluminium  -  zinc  -magnesium  7010  alloy. 

4.4  Effect  of  Marine  Exposure  on  Meet  lical  Properties 

The  effect  of  exposure  to  a  marine  environment  on  the  mechanical  properties  of  two 
6090  type  sheet  aluminium  -  lithium  alloys  (RGS  and  RDT )  was  examined.  Both  alloys  were 
given  ageing  treatments  of  either  3  hours  at  170°C,  64  hours  at  170°C  or  8  hours  at 
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185°C  before  being  machined  into  tensile  test  pieces.  These  were  exposed  together  with 
specimens  machined  from  2000  and  7000  series  clad  and  unclad  aluminium  alloy  controls  at 
the  Eastney  Test  Site.  Specimens  were  returned  for  testing  at  RAE  after  6  months,  1  year 
and  2  years  and  the  results  obtained  are  given  in  fig. 14.  The  loss  in  strength  due  to 
corrosion  suffered  by  the  aluminium  -  lithium  sheets  is  greater  than  that  suffered  by 
all  but  one  of  the  commercial  alloys.  The  exception  was  L150  an  artifically  aged  unclad 
2014-T6  type  aluminium  -  copper  alloy  which  showed  losses  in  strength  similar  to  0090. 
The  results  in  fig. 14  indicate  that  the  performance  of  8090  t,pe  alloys  can  be 
significantly  improved  by  extending  the  ageinq  treatment.  If  comparison  is  made  with 
2014  -  T6  the  material  it  is  designed  to  replace,  the  unr ecrys ta  1  1  i sed  8090  alloy  aged 
to  the  peak  strength  yields  higher  tensile  strength  after  5  years  exposure  and  gives 
comparable  ductility. 

5  CONCLUSIONS 

1>  Lithium  containing  sheet  aluminium  alloys  show  varying  degrees  of  susceptibility  to 
exfoliation  corrosion.  In  general  the  unrecrystal  1 i sed  medium  strength  8090  material 
in  the  T6  and  T8  tempers  is  more  susceptible  to  exfoliation  attack  than  the 
r ecr ysta 1 1 i sed  8090  and  2091  type  alloys  in  various  damage  tolerant  tempers.  T'.e 
2091  alloy  has  in  the  naturally  aged  T3  condition  an  exfoliation  susceptibility 
equal  or  better  than  that  of  the  2024-T3  control  alloy.  The  exfoliation 
susceptibility  of  2091  increases  with  increased  ageing  for  underaged  tempers. 

Control  alloys  tested  under  similar  conditior  -  are  relatively  resistant  to 
exfoliation  showing  mainly  pitting  and  i ntergr -nu 1 ar  attach. 

2)  Plate  8090  type  aluminium  -  lithium  alloys  are  susceptible  to  exfoliation  corrosion. 
In  the  T651  temper,  the  level  of  attack  was  lesv  than  on  2C24-T351  and  2324-T39 

a  1 loys . 

3)  The  MASTMAASIS  test  gives  a  more  reliable  indication  of  exfoliation  susceptibility 
than  the  EXCO  test. 

4)  The  recrystal  1 ised  2091  and  8090  sheet  alloys  have  in  the  T3  temper  a  high 
resistance  to  stress  corrosion  cracking.  Early  crack  initiation  occurs  when  these 
alloys  are  slightly  underaged.  For  2091  it  was  found  that  the  SCC  resistance 
increases  again  with  increased  ageing. 

5)  8090  type  aluminium  lithium  alloy  plate  will  suffer  stress  corrosion  cracking 
when  tested  in  the  ST  direction.  Threshold  stresses  determined  compare  favourably 
with  control  alloys. 

6)  Exposure  to  a  marine  environment  for  two  years  produced  substantial  decreases  in  the 
tensile  strength  of  8090  type  aluminium  alloys.  However  when  compared  with  2014  - 
T6,  the  8090  alloy  aged  to  peak  strength  yields  higher  tensile  strengths  after  two 
years  exposure  and  comparable  ductility. 
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Table  1.  Compositions  and  heat  treatments  of  sheet 
aluminium  -  lithium  alloys 


A1  loy 

Composition  w/o 

Li  Cu  Mg  Zr  Fe  Si 

Ageing/ 

Temper 

Thickness 

mm 

RAE  Research  Alloys 

l.Sh  170C 

1  .6 

96 

2.33  1.26  0.49  0.08  0.15  0.04 

16h  170C 

1.6 

64h  170C 

1  .6 

98 

2.44  1.10  0.57  0.13  0.11  0.04 

8h  170C 

1.6 

C2M4 

2.46  4.41  0.14 

1 6h  170C 

1.6 

88R 

2.78  1.26  1.32  0.14  0.23  0.15 

9h  1 70C 

1.6- 

Early  Alcan  8090'  type 

alloys  - 

Produced  from  laboratory  dc  castings 


RCO 

2.48  1.28  0.60  0.12  0.09  0.04 

var i ous 

RDT 

2.36  1.20  0.69  0.12  0.10  0.05 

var i ous 

RGS 

2.36  1.19  0.67  0.13  0.08  0.03 

various 

1 .6 

1  .6 


1  .6 


Alcan  Commercially  Produced  8090 


unrecryst 

2.36  1.17  0.55  0.09  0.04 

nat . aged 

unrecryst 

2.31  1.18  0.64  0.12  0.03  0.04 

T6 

unrecr  yst 

2.44  1.11  0.54  0.11  0.03  0.03 

T8 

recryst 

2.38  1.2  0.71  0.11  0.03  0.03 

T3  nat 

8090C 

T81 

Cegedur  Pechiney  Commercially  Produced  2091 


recryst 

2.0 

2.0 

1.4 

0.07 

0.04 

0.03 

T3 

48h 

12h 

1 2h 
lOOh 

150C 

150C 

135C 

150C 

recryst 

1  .8 

2.1 

1  .6 

0.07 

0.04 

0.03 

12h 

135C 

Table  2  Compositions  and  heat  treatments  of 
plate  aluminium  -  lithium  alloys 


Alloy 


Composition  w/o 
Li  Cu  Mg  Zr  Fe 


Ageing/ 

Temper 


Th ickne 
mm 


Early  Alcan  produced  9090  type  plate 


2.37  1.18  0.48 


2.32  1.04  0.56  1.2  0.09  0.04 


2.41  1.16  0.61  0.11  0.14  0.10 


nat 

16h  190C 
64h  190C 

Alcan  commercially  produced  plate 


nat . 

1 . 5h  170C 
16h  1 90C 

16h  1 90C 
64h  1 90C 


2.42  1.24  0.60  0.12  0.12  0.05 


16h  190C 
T651 


8090 


32h  170C 


44 
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fable  3.  Accelerated  Corrosion  Tests 


Neutral  Salt  Fog  (ASTM  B117) 

Continuous  exposure  to  5*/.  salt  tog 
Test  temperature  35°C 

Position  of  specimens  70°  to  horizontal 
Exposure  time  21  or  42  days 


Acidified  salt  spray  test  (ASTM  B287 ) 

Continuous  exposure  to  5%  NaCl  solution 
at  pH  «3.2  acidified  using  acetic  acid 

Intermittent  acidified  salt  spray  test  (MASTMAASIS)  ref. 9 

5'/.  NaCl  solution  at  pH  =3  acidified  using  acetic  acid 
Test  temperature  35°C 

Position  of  specimens  45°  to  horizontal 

Application  of  four  6  hour  cycles  per  day  consisting  of 

-  spray  period  3/4  hours 

-  purge  period  2  hours 

-  soak  period  at  relatively  high  humidity 
EXCCJ  test  (ASTM  G34-79) 

Continuous  immersion  in  a  solution  of  4 . OM  NaCl, 

0.5  M  KN03  and  0.1  HN03,  pH^0.4 
Test  temperature  25°C 
Position  of  specimens  horizontal 

Intergranular  Corrosion  Test  ( Mi 1-H-608QF ) 


Continuous  immersion  in  57g/l  NaCl  and  10ml/l  HgOg 
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Table  4.  Visual  assessment  of  coupons  after  corrosion 

testing.  Experimental  aluminium  -  lithium  alloys 
and  controls.  <RAE> 


Experimental  A1 

-  Li 

alloys  i 

(  Control  a  1 loys 

96  aged  «t  170°C 

98 

C2M4  fc)8R  I 

I  7075  2014  7475 

2014 

l.Sh  1 6h  64h 

T6  T6  T761 

T3 

N 

N 

N 

N 

N 

N 

S 

S 

S 

S 

S 

8 

S 

S 

S 

B 

B 

B 

B 

B 

B 

B 

8 

8 

B 

B 

B 

B 

B 

B 

B 

B 

B 

B 

B 

B 

B 

B 

B 

B 

B 

B 

B. 

B 

B 

B 

B 

B 

B 

B 

B 

B 

B 

B 

N 

N 

N 

N 

N 

P 

N 

P 

N 

P 

N 

P 

N 

P 

N 

P 

EA 

EA 

EB 

EB 

N 

EB 

EB 

EB 

EC 

EC 

N 

ED 

EB 

EB 

EA 

N 

EB 

EC 

EB 

EA 

N 

ED 

ED 

ED 

ED 

N 

EC 

B  -  Blisters  P  -  Pitting  N  -  No  attack  S  -  Staining 
E  -  Slight  exfoliation;  EA  to  ED  -  Exfoliation  rating 
As  ASTM  G34 ;  EA  -  least:  ED  -  most  severe 


Table  5.  Visual  assessment  of  exfoliation  on  aluminium  - 
lithium  coupons  <RC0  8070  type  sheet)  exposed  to 
various  corrosion  tests.  (RAE) 


Table  10. 


Classification  of  corrosive  attack  on  0090- T 6 
alloy  after  intermittent  acidified  salt  spray 
( MASTMAASI S )  < DF VLR> 


sheet 

testing 


1m 

Exposure  time 

2w  3m  4w 

5w 

r  a  t  i  ng 

N 

P 

P 

P/EA 

P/EA 

weight- 

O.  1  1 

0.20 

0.36 

1  .02 

0 . 8  1 

loss 

Table  11.  Classif icat ion  of  corrosive  attack  after  EXCO, 
MASTMAASIS  and  marine  exposure.  ( RAE > 


A1  loy 

EXCO 

4Bh  96h 

MASTMAASIS 
7(3  14d 

8090C 

8h 

150°C 

E 

EA“ 

EA+ 

EB 

E 

8090 

lh 

150°C 

EA" 

E 

EA 

EA* 

P 

2091 

48h 

150°C 

EA* 

£B~ 

EA 

EA/EB 

EA/EB 

2091 

T3 

S 

P 

P 

P 

C" 

7075 

T6 

P 

2014 

T3 

P 

2014 

_ 

T6 

P 

Table  12. 


Classif icat ion  of  corrosive  attack  according  to 
ASTN  G34-79  after  EXCO  testing.  (Pokier) 


2024-T3 

2091-T3 

209 1 -T8 

24h 

N 

N 

EA 

48h 

N 

P 

EA 

72h 

P 

P 

EB 

96h 

. 

P 

P 

EB-EC 

Table  13.  Visual  assessment  pf  exfoliation  corrosion  on  llm-«  (QRI-2) 

and  25mm  (RDV)  8090  type  plate  alloys  after  EXCO.  MA5TMAAS1S 
and  marine  exposure.  (RAE> 


Plate 

_ 

EXCO 
surf  . 

96h 

1  /2T 

14  d 

MA5TMAAS15 
surf.  1/2T 

Mar  l  ne 

Sur  f .  1 /2T 

1 1  mm 

RT 

EA 

EA 

E“ 

EA 

E' 

QRI-2 

1 . 5h  170°C 

EB 

EA/EB 

EA 

ED 

E" 

EA 

1 6h  19  0°C 

ED* 

ED 

ED 

EA" 

E/EA 

EA* 

25mm 

RT 

EA 

E 

EA 

E' 

RDV 

1 6h  190°C 

EA 

E8/EC 

E0/EC 

EB 

E~ 

E/EA 

<j9h  190°C 

E~ 

ED* 

£" 

E 

E' 

T ab  le  1  **  . 

Classificat ion 
after  ExCO  tes 

o f  cor ros i ve 
t i ng . ( NLR ) 

attack  on  25mm 

909 0  -T651 

Exposure 

Hater i a  1 

1 1  me 

hours 

0090* T651 

0O9O-T651 

2024- T351 

2324-T39 

core 

surface 

3 

EA 

EA 

E/EA 

E 

6 

EA 

EA 

EA 

E 

24 

EA/EB 

EA/EB 

EA 

E/EA 

40 

EC 

EC 

EA 

E/EA 

96 

ED 

ED 

EB/EC 

EA 

Table  15.  Classification  of  corrosive  attack  on  25mm  8090-T&51  plate 
after  EXCD  testing.  (DFVLR) 


— 

exposure 

visual 

time 

rat i ng 

3h 

P 

6h 

P/EA 

24h 

EA 

48h 

ED 

Table  16. 


Threshold  stresses  for 
unclad  2024- T3.  Bent  - 

immersion  in  3.5'/.  MaC  l 


2091  in  various  tempers  and  for 
beam  specimens  tested  by  alternate 
for  30  days.  (DFVLR1 


Mater i a  1 

Temper 

Crack  Ini t lat ion 

Fr ac  ture 

2091  -CP27<« 

lc:h/  135°C 

•  1 00 

15<> 

isfi/  i5oc’r 

1 00 

200 

100h/ 150°C 

300 

300 

202L 

T3.  unclad 

150 

•  350 

Table  17.  Threshold  stresses  for  25mm  0090  type  plate  (PDV) 
tested  by  alternate  immersion  <  ASTM  0»44-’>^i  ar-p  by 
marine  exposure.  ■  PAE  ' 


Plate 

Threshold  Stress 
Alternate  Immersion 

Macro  Micro 

MPa 

Ma  r l ne 

Mac  ro 

25mm 

RT 

ae 

20 

125 

RDV 

1  hh  1  90cC 

75 

'  60 

125 

64 h  190°C 

!  00 

•  75 

10U 

20  1  4  - 

T  65  1 

240 

1  00 

7075  - 

T  65  1 

\  10 

33 

0.2 

0  1 

0 

0.2 

0.  1 

0 

AflCOEFSHJK 


■lll.l.l.l 


C  -  Alloy  98  64*  J70C 

0  -  A 1 1 o>  98 
E  -  Alloy  C 
F  -  Alloy  MR 
Control  Alloyi 
6  -  7075-T6 
H  -  2014-T6 
J  -  Clod  7475-T761 
A  -  2014-T3 


Fiq.l  Mean  depth  of  attack  i  mm  >  i  n  experimental 

aluminium  -  lithium  alloy*  following  cof-osion 
test i ng .  ( RAE ) 


168  DAY  MARINE  EXPOSURE  280  DAY  MARINE  EXPOSURE 


Hex#-*  ot  17DC  Iteur*  ot  I83C  2014  Hour*  at  I70C  Hour*  ot  I85C  2014 
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Fig.  9  Time  to  failure  versus  applied  stress  of  tensile  specimens  of  9090  f  p*.  l 
tested  in  ST-diroct»on  according  to  German  Spec.  -N6*-i6P.  <DFVi_R 
(Constant  load  and  continuous  immersion  in  0^NaC 1  ♦  O .  5v.Ne  pC  r  at  pMj> 


(XPOSUMt  TIKI,  HOURS 


Fig.  10  A  survey  of  stress  corrosion  lives  fo  0O9O-r6fil  r?5mm  plate  and  control 
alloys  tested  by  alternate  immersion  in  synthetic  seawater.  (MLR) 

Alternate  Immersion  in  3  5*  NaCI 

?  . 


■  ?00 


30«t  HKT 
*fl#o  6<n  J90  C 


Exposure  Oays 


30  50  70 

Exposure.  Days 


*-»  Teatpuct  unproken  at  conclusion  of  exposure  f 
Marine  Atmosphere.  Eastney 


Exposure.  Days 


Exposure.  Oays 


Fig.  11  Effect  of  ageinq  on  the  stress  corrosion  cracking  of 
50mm  0090  type  plate  ( RK T ) .  ( RAE ) 


TDCILE  STRENGTH, 


PROPRIETY  D ES  ALL1AOMS  Al-Li 


Y.  BARBA UX  -  Chef  de  la  Section  MAtallurgie 
Laboratoire  Central  de  1 'AEROSPATIALE 
Centre  Coranun  de  Recherchea  Louie  bLERIOT 
12,  rue  PASTEUR  -  92152  SURESNES  -  PRANCE 


Lee  alliagea  Aluminium-Lithium  prAaentent  du  fait  de  leur  faible  densitA  at  de  leur 
haut  module  un  intArAt  Evident  pour  lee  applications  sur  aAronefs  et  en  particulier  sur 
lee  avions  de  transport  civil  qui  reprAsentent  la  part  la  plus  important*  et  la  plus 
atrategique  de  ce  marchA.  Cependant  le  coGt  AlevA  de  ces  nouveau*  matAriaux  lee  limite 
A  dee  utilisations  en  produits  minces  A  faible  taux  de  chute  (tdles  minces,  tdles  raoysn- 
nes  et  profiles). 

La  prAsente  communication  fait  le  point  des  Atudss  rAalisAes  A  1 'AEROSPATIALE  depuis  5 
ana  sur  lea  produits  coramercia lament  dieponibles  i 

-  les  tdles  minces  en  2091  CPH  T8X, 

-  lea  tdles  minces  en  80900  T81, 

-  les  tdles  moyennes  en  2091  T8x51, 

-  les  profiles  en  8090  et  2091  T8511. 

et  dAgage  parmi  eux  ceux  qui  sont  retenus  pour  Atre  utilises  Aventuel lament  sur  la  par- 
tie  AEROSPATIALE  de  1 'AIRBUS  A340. 


Les  alliages  Aluminium-Lithium  possAdent,  gr&ce  aux  caracteristiques  intrinsAques  de 
l'atome  Lithium  (densitA  de  0,53  pour  un  volume  dans  la  mailie  du  rAseau  lAgArement  su- 
pArieur  A  celui  de  l'Aluminium  auquel  il  se  substitue),  une  densite  et  un  module  d'Alaa- 
ticite  trAs  intAressants  pour  des  applications  aAronautiques  et  spatiales. 

Ainsi  1* addition  de  2  A  2,5  %  en  poids  de  Lithium  dans  un  alliage  d’ Aluminium  permet  un 
gain  en  densite  de  8  A  10  %  et  une  amAlioration  du  module  d' Young  de  l'ordre  de  10  %. 


Sur  une  structure  d’aAronef  ces  ameliorations  devraient  permettre  un  gain  de  : 

-  20  %  en  masse  dans  le  cas  d'un  redimensionnement  en  rigiditA  prenant  en  cotnpte  intA- 
gralement  1 ' augmentation  du  module  d ' AlasticitA, 

-  8  A  10  %  en  masse  dans  le  cas  du  remplaceraent  d' alliages  classiques  sans  rediroension- 
nement . 

Ces  calculs  supposent  cependant  que  toutes  les  caractAristiques  dimens ionnantes  sont 

identiques  entre  alliages  Al-Li  et  alliages  classiques. 

Par  ailleura  2  facteurs  econopiques  peuvent  limiter  l'emploi  des  alliages  Al-Li  : 

-  leur  coGt  (2  A  4  fois  celui  des  alliages  classiques), 

-  le  problAme  industriel  du  tri  et  de  la  rAcupAration  des  chutes  et  copeaux  qui  peut  ne- 
cessiter  la  crAation  d* ateliers  spAcialises  et  accroitre  par  lA  meme  le  coGt  indus¬ 
triel  de  1 ' introduction  de  ces  nouveaux  alliages. 


APPLICATION  DES  ALLIAGES  Al-Li  SUR  AVION  CIVIL  TYPE  AIRBUS 


Au  dAbut  des  annAes  80,  quand  les  Atudes  de  dAvelopperaent  des  alliages  Aluminium* Lithium 
ont  pris  un  nouvel  essor  (aprAs  l'Achec  commercial  du  2020  dans  les  annAes  80),  parmi 
les  nouveaux  produits  A  l'Atude  A  1 'AEROSPATIALE,  seuls  les  avions  civils  de  type  AIRBUS 
ou  ATR  pouvaient  justifier  1' effort  financier  et  industriel  important  correspondant  A 
1 ' introduction  d ’Al-Li . 

Les  enquAtes  faites  alors  ayant  montrA  que  : 

-  le  gain  de  masse  est  plus  intAressant,  Aconomiquement,  sur  un  avion  gros  porteur  long- 
courrier  que  sur  un  court-courrier  ou  un  commuter  type  ATR, 

-  1 ' introduction  d'un  nouveau  matAriau  en  parties  structurales  en  retrofit  sur  des  appa- 
reils  dAjA  certifies  est  trAs  difficile  du  fait  du  coGt  de  la  certification  (cellules 
d'essals,  essais  de  sous  ensembles...). 


-  du  fait  du  problem©  industrial  lie  aux  part icular itAe  des  Al-Li  (segregation  des 
chutes  ©t  copeaux,  maia  aussi  formation  des  boues  en  usinag©  chimique)  qui  nAcessit© 
la  mis©  en  place  d'outils  voire  d'ateliers  specialises,  seule  un©  introduction  massive 
sur  appareil  eat  economiquement  viable  et  envisageabl©, 

la  d4cision  fut  prise  de  batir  un  programme  coherent  de  caracter isat ion  et  de  qualifica¬ 
tion  des  alliages  Aluminium-Lithium  avec  comm©  objectif  la  realisation  du  fuselage 
A330/A340  en  alliage  Al-Li. 


SELECTION  DES  1/2  PRQDUITS  PAR  LE  COOT 

De  fagon  A  limiter  le  champ  d ’ investigation  trAs  vastr  neceasaire  A  1 ' homologation  des 
differentes  parties  constitutives  du  fuselage  A330/A340  une  rAflexion  a  Ate  porr4e  sur 
1’ aspect  cout  au  kilo  gagne,  parametre  different  si  l‘on  considAre  une  tole  mince  ou  un© 
piAce  forgAe  Apaisse. 

Entrent  dans  ce  cout  au  kilo  gagne  : 

-  d'une  part,  le  prix  du  1/2  produit  ;  pour  les  Al-Li  il  est  respectivement  de  l'ordre 
de  : 


.  120  F/Kg  pour  une  tole  mince  (x4  par  rapport  a  l'alliage  classique), 

.  175  F/Kg  pour  un  profile  (x2,5), 

.  80  F/Kg  pour  une  tole  Apaisse  (x3,2), 

.  400  F/Kg  pour  un  matrice  classique  (x2), 

.  1950  F/Kg  pour  un  matrice  de  precision  (xl,3), 

(il  s'agit  de  prix  typiques). 

-  d'autre  part,  le  rapport  "buy  to  fly"  c'est  a  dire  le  rapport  entre  la  masse  de 
matiAre  achetee  pour  realiser  les  pieces  et  la  masse  de  ces  pieces  sur  avion  ;  ce 
rapoort  directement  lie  au  taux  de  chute,  varie  Agalement  d’un  1/2  produit  A  1’ autre 
en  fonction  des  habitudes  technologiques  et  de  dessin  de  l'avionneur.  C'est  ainsi  que 
s‘il  est  typiquement  compris  entre  2  et  4  pour  des  toles  mince9,  il  peut  aller  jusque 
8  ou  10  pour  des  toles  epaisses  ou  des  matrices  epais,  mais  ne  depasse  pas  1,5  pour 
des  matrices  minces  ou  de  precision. 

Le  cout  du  kilogramme  gagne  sur  la  structure  grace  A  1 ‘ introduct i on  de  ces  nouveaux 
alliages  est  donne  par  la  relation  suivante,  dans  I'hypothese  d'un  remplacement  des 
piAces  a  memes  dimensions  : 


(dAl-Li  *  CAl-Li  *  dAl  *  CA1) 
dAl  _  dAl-Li 


C  *  cout  du  kilogramme  gagne 

b  =  buy  to  fly 

dAl»  d Al-Li  =  densite 

CA1*  CA1-Li  55  d'un  Kg  de  matiAre 

En  utilisant  ce  concept  et  les  estimations  de  surcouts  admissiblea  communiquees  par 
AIRBUS- Indus Ir i-  ,  avons  tr©3  rapidement  elimine  de  notre  programme  d‘ evaluation  : 

-  les  matrices  et  forgAs  classiques  (C  12  000  F/Kg), 

-  les  toles  Apaisses  au-dela  de  20  mm  (C  4  000  F/Kg), 
ne  retenant  que  : 

-  les  toles  minces  et  moyennes  (  20  mm), 

-  les  profiles, 

-  certains  matricAe  minces  ou  de  precision. 


STRUCTURE  DU  PROGRAMME  DE  QUALIFICATION 

Dans  le  cas  de  1 1  introduction  d'un  matAriau  nouveau  sur  une  structure  d'aeronef  nous 
devons  rApondre  A  3  questions  esaentielles  : 

-  quelles  sont  les  caracter istiques  sures  de  ce  materiau  7 

-  quelles  gammes  de  mise  en  oeuvre  pouvons-nous  lui  appliquer  ? 

-  notre  outil  industriel  est-il  adaptA  ou  doit-il  etre  modifie  ? 


Le  canevas  adopt A  A  1  'AEROSPATIALE  dans  la  c&8  d=s  Al-Li  pour  rApondre  A  cm s  questions 
raprano  done  las  principaux  chapitras  suivants  j 

-  acquisition  da  donnAea  techniques, 

-  misa  au  point  ou  verification  das  garanes  da  misa  an  oeuvre  (usinage  chimique,  traite- 
mant  da  surface...), 

-  redaction  de  documents  normatifs, 

-  Evaluation  du  systems  d 'assurance  quality  propre  aux  Al-Li  ches  les  diffArents  four- 
nisseurs, 

-  reflexion  4conomiqu«  sur  las  out i Is  industrials  nAcessaires. 

Par  la  suite  nous  nous  consacrerons  au  premier  de  ces  chapitras  at  aux  resultats  obtenus 
dans  ca  cadre. 

Le  programme  d ' acquisition  de  donnees  techniques  ",  toujourr  dans  la  but  d’ optimise*  la 
cotit  da  qualification  das  Al-Li,  AtA  scind4  an  quatre  phases  < 

-  une  caractArisation  roAtallurgigue  da  base  visant,  k  partir  d'essais  sur  Aprouvettes 
el4menta ires,  k  obtenir  les  propriAtAe  physiques  ainsi  qua  les  caracteristiques  typi- 
ques  de  traction,  de  fatigue,  de  tolerance  aux  doramages  at  de  corrosion  das  produits 
disponibles.  Cette  phase  permet  egalement  d'ecartar  trie  tot,  dans  le  processus  d' eva¬ 
luation,  das  alliages  dont  les  caracteristiques  ne  seraient  pas  con formes  k  nos 
cahiers  des  charges, 

-  une  caracterisation  cctnpl  Amenta  ire  visant,  tou jours  k  partir  d'essais  sur  Aprouvettes 
AlAmentalres  et  «nle  lxraitant  aux  produits  sort  is  aver-  succAs  de  la  premiere  phase,  k 
obtenir  les  propriAtAe  typiques  specif iques  aux  cas  d ' utilisation  sur  avion  (fatigue 
sous  spectre,  compression,  corrosion  sur  Aprouvettes  peintes  avec  defauts...), 

-  des  essais  d* applications  realises  sur  des  eprouvettes  representatives  de  parties 
avion  ou  integrant  des  paramAtres  technologiques  (assemblages,  usinage  chimique, 
grenaillage)  visant  k  verifier  les  cas  de  dimens ionnement, 

-  une  acquisition  de  donnAes  atatlstlquea.  par  des  essais  sur  Aprouvettes  eiementaires, 
pour  obtenir  des  valeurs  sures  de  calcul  pour  les  paramAtres  diroensionnants . 

Notons  egalement  que,  toujours  dans  le  but  de  rAduire  les  cotits  de  qualification,  les  2 
partenaires  assoc lea  dans  la  realisation  du  fuselage  d ‘AIRBUS,  k  savoir  MSB  et 
AEROSPATIALE,  se  sont  mis  d' accord  trAs  tot  pour  se  partager  les  2  premieres  phases  de 
la  caracterisation  des  alliages  Al-Li. 


RESULTATS  OBTENUS 

Parmi  tous  les  alliages  existants  ou  en  developpement,  nous  ne  prAsentons  ici  les  resul¬ 
tats  que  sur  ceux  dont  nous  eatimons  qu’ils  peuvent  Atre  introduits  sur  AIRBUS  A330/A340 
A  savoir  * 

-  les  tdles  minces  en  2091  CPHK  T8X, 

-  les  toles  minces  en  8090C  T81, 

-  les  tdles  moyennes  (  20  mm)  en  2091  T8X51, 

-  les  profiles  en  2091  T8510/11, 

-  les  profiles  en  8090  T8510/11, 

-  les  matrices  de  precisions  en  8090  et  2091. 

Notons  que  les  propriAtAs  annoncAes  ont  At  A  mesurAes  sur  des  produits  A  l'Atat  d’ utili¬ 
sation. 

Notons  Agalement  qu'en  fonction  de  l'objectif  recherchA,  un  fuselage  d'avion  civil, 
1' ensemble  des  produits  citAs  rApond  A  un  cahier  des  charges  ou  la  tolArance  aux  dooma¬ 
ges  a  une  place  importante  si  ce  n'est  primordial#. 

a  -  Tdles  minces  de  revAtement  de  fuselage 

Pour  cette  application,  2  alliages  sont  actuelleroent  disponibles  t 

-  le  2091  dAveloppA  par  CEGEDUR  et  Agalement  produit  par  ALCOA, 

-  le  8090  C  dAveloppA  par  ALCAN • 


Si  nou»  diapoaona  actuellement  d '  une  connaissance  atatiatiqua  du  2091  (plua  da  50  lin- 
gota  produita  e*  'estAs  par  CEGEDUR,  plu*  da  20  lingota  par  ALCOA),  la  miae  au  point  da 
la  varaion  d6tiM.ti.ve  du  0090  C  eat  plua  rAcente  at  lea  rAsultats  partiala  qui  aaront 
prAsentAa  1.  •  a#  concernent  qu ' una  coulAe. 

Toles  m  an  2091  CPHX  T8X 

Ju^qu'A  una  Apaiaaeur  de  3,5  mm,  caa  tolaa  ont  una  atructura  entiArement  recriatal 1 iaAe 
Aquiaxe  (comparable  A  celle  du  2024  dana  lea  mimes  Apaiaaeurs)  (page  8-6). 

La  traitement  thermo-mAcanique  CPHK  (dAaignation  CEGEDUR)  ainai  qua  la  aoua-revenu  r 
(12h  A  135*C)  ont  AtA  mia  au  point  pour  aa  rapprocher  du  compromia  caractAriat iquea 
mecaniquea/tAnacitA/corroaion  anua  contrainta  du  2024  T3. 

Lea  caracter iatiquea  de  traction,  de  mataga  at  da  ciaaillement  obtanuea  aur  5  coulees 
aont  report Aea  an  page  8-6  ou  el lea  aont  comparAea  aux  valaura  typiquea  obtanuea  aur  2 
coulAea  de  2024  T3  ainai  qu'aux  valeura  A  de  la  production  da  CEGEDUR  pour  ca  mama 
alliage . 

On  ne  note  paa  pour  cea  paramAtrea  de  difference  aignif icativa  ou  pouvant  atre  penal i- 
aante  entre  2091  et  2024. 

En  tAnacitA  lea  rAsultats  reportAs  aoua  forme  de  courbe  R  A  la  page  8-7  mettent  en 
Evidence  una  perte  de  l'ordre  de  30  %  du  2091  par  rapport  au  2024  T3. 

En  fatigue  endurance  lea  2  matariaux  prAaentent  un  comport ament  aemblable  pour  lea 
durAes  de  vie  avion  (juaqu'A  200  000  cycles  -  page  8-7)  tandia  qu'en  fiaauration  le  2091 
aurait  un  comportement  globalement  meilleur  que  le  2024  auaai  bien  en  rapport  Ro.l  qu'en 
spectre  avec  surcharges  (page  8-8). 

Enfin  on  paut  estimer  que  les  2  materiaux  aont  idantiquea  en  corrosion  (page  9-8). 

Au  vu  de  1' ensemble  de  ces  resultats  1 'AEROSPATIALE  eatime  possible  d'utiliaer  lea  toles 
minces  en  2091  CPHK  T8X  en  remplacement  du  2024  T3,  A  i8o-dimenaionnement ,  aur  les  tron- 
gona  de  fuselage  de  l'A330/A340  qui  sont  de  aa  responsabilite . 

Par  contre  la  perte  de  tAnacite  par  rapport  au  2024  T3  ne  permet  pas  que  1 '  on  utilise 
le  2091  CPHK  T8X  dana  cea  conditions  sur  des  trongons  plus  chargAs  (tela  que  le  fuselage 
arriAre  de  responsabilitA  MBB). 

Pour  cea  parties  un  alliage  comme  le  8090  C,  de  structure  Agalement  entiArement  recris- 
tallisAe,  qui  poasAde  une  plus  forte  tAnacite  (page  8-9)  pourrait  convenir,  sous  rAserve 
que  les  rAaultata  statistiquea  aur  les  nouveaux  lots  produita  viennent  confirmer  ceux 
obtenus  sur  la  premiAre  coulee. 

b  -  Toles  moyennea  en  2091  T8X51  (revetement  de  fuselage  et  intradoa  de  caisson  central 
de  voilure) . 

Cea  toles  ont  une  structure  fibrAe  partiellement  recr istallisee  (page  8-10). 

Ellea  sont  diaponiblea  jusqu'A  des  Apaiaaeurs  de  l'ordre  de  40  mm  et  prAaentent  dana 
cette  ganxne  d* Apaiaaeurs  des  caractAriatiquea  similaires  ou  lAgArement  aupArieures  au 
2024  T351 ,  y  compris  une  tenue  A  la  corrosion  sous  contrainte  en  sens  traver s-court  tree 
modeste  (50  MPa). 

Juaqu’A  20  mm  d'Apaisseur  (limite  correspondant  A  la  fois  A  nos  applications  sur 
A330/A340  et  au  surcout  admissible)  le  compromia  de  caract Ar ist iguea  obtenu  A  l’Atat 
d ' utilisation  T8x51  ( revenu  de  12h  A  135*C  indentique  A  celui  des  toles  minces)  eat  trAa 
satiafaiaant  comparA  A  la  rAfArence  2024  T351  (voir  pages  8-10  A  8-12). 

Dana  ces  conditions  le  remplacement  A  isodimens ionnement  du  2024  T351  par  du  2091  T8x51 
pour  lea  tdles  moyennea  de  revetement  du  fuselage  et  d' intradoa  de  caisson  central  de 
voilure  ne  semble  paa  poser  de  problAme. 

Dana  ce  caa  cependant,  comm*  dana  le  caa  dea  tdles  minces,  aeula  lea  easaia  sur  eprou- 
vettea  technologiquea  permettront  de  prendre  la  decision  dAfinitive. 

c  -  Lea  prof ilAa  :  2091  T8510  ou  8090  T8510  ? 

Lea  profilAa  en  2091  prAaentent  pour  les  Apaiaaeurs  minces  (typiquement  en  desaous  de 
2  ram)  une  structure  entiArement  recristallisAe  qui  se  traduit  par  une  forte  aensibilitA 
A  la  corrosion  sous  contrainte  (CSC)  incompatible  avec  nos  utilisations  aur  avion. 

Pour  lea  profilAa  minces  de  type  lisaea  de  fuselage,  nous  prAf Arons  done  1' alliage  8090 
qui  prAaente  une  excellente  tenue  en  C.S.C.  (350  MPa  -  30  jours)  (page  8-13). 


Pour  cette  application  le  plus  haut  module  et  la  plus  basse  densite  du  8090  representent 
par  ailleurs  deux  attraits  suppl Amentaires . 

Pour  le8  profiles  plus  Apais  le  2091,  qui  retrouve  alors  une  structure  fibree  {page 
8-14)  et  le  8090  aont  en  concurrence  aussi  bien  pour  le  remplacement  du  7075  T73xx  que 
du  2024  T3xx. 

Cependant  pour  les  applications  tolArantes  aux  dommages  telles  que  1  ‘  intrados  de  caisson 
central  de  voilure,  le  2091,  en  depit  d ' une  tenue  a  la  corrosion  mediocre  comparable  a 
celle  du  2024,  sera  preferA  au  8090  moins  bon  an  fisauration,  en  fatigue  et  en  tenacite 
(page  8-15  et  8-16). 

d  -  Lea  matrices  de  precision  en  8090  et  2091 

Les  deux  ^  alliages  presentent  dans  le  cas  des  matrices  minces  des  structures  tres 
polygonisees  plus  ou  moins  fortement  recriatallisees  (page  8-17). 

Lea  structures  leur  confArent  une  forte  sensibilite  &  la  corrosion  intercristal 1 ine  (130 
a  200  m)  bien  supArieure  A  celle  de  l’alliage  de  reference  7175  T73. 

I 1 8  prAsentent  par  contre  une  bonne  tenue  a  la  corrosion  sous  contrainte. 

Leurs  caractAristiques  mAcaniques  sont  nettement  infArieures  a  celles  du  7175  T73. 


CONCLUSION 

Lea  Atudes  realisees  a  1 'AEROSPATIALE  depuis  5  ana  sur  les  alliages  Aluminium-Lithium 
commercialement  disponibles  ont  permis  de  demontrer  la  possibilite  de  remplacement 
d' alliages  classiques  a  isodimens ionneraent  et  pour  un  surcoQt  admissible  sur  A340  dans 
les  cas  suivants  : 

-  Toles  minces  de  fuselage  eh  2091  CPHK  T8X  ou  8090C  T81 . 

-  Toles  moyennes  de  fuselage  ou  d ' intrados  de  caisson  central  de  voilure  en  2091  T8x51. 

-  Profiles  liases  de  fuselage  en  8090  T8510. 

-  Profiles  type  traverses  de  plancher  en  8090  T8510  ou  2091  T8510. 

-  ProfilAs  raidisseurs  d' intrados  de  caisson  central  de  voilure  en  2091  T8510. 

A  ce  jour  les  compromis  de  caracteristiques  obtenua  sur  matrices  minces  en  2091  ou  en 
8090  sont  insuffisants  pour  envisager  le  remplacement  du  7175  T73. 


Nous  remercions  le  Service  Technique  des  Programmes  Aeronautiquea  pour  le  soutien 
apportA  aux  Atudes  sur  les  alliages  Aluminium-Lithium. 


TEMACITE  -  COURBE  R 


FATIGUE  AMORCAGE  -  ENDURANCE 


4  5  6  7 

10  10  10  10 


Nombre  de  cycles  4  rapture 


(s[3^3/onn)  NP/*P  noijwnssij  ap  assail^ 


C  :  iadice  de  piritt  de  corrozioa  nr  (fmmu  peiatc  itcc  dtfa« 
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TOLES  MOYENNES  EN  2091  T8x51 
MICROSTRUCTURE 


CARACTERISTIQUES  MECANIQUES  STATIQUES 


Param&tre 

Sens 

2091  T8X51 

2024  T351 

Moyenne 

Valeur  A 

Valeur  B 

Moyenne 

Valeur  A  (1 ) 

L 

440 

415 

425 

410 

330 

R0,2 

TL 

380 

355 

365 

345 

290 

(MPa) 

60* 

325 

300 

310 

355 

- 

L 

510 

485 

495 

495 

440 

R(MPa) 

TL 

505 

490 

490 

440 

60  * 

460 

435 

445 

490 

- 

L 

9,5 

7 

e 

KH 

_ 

A% 

TL 

11,0 

8,  5 

9,5 

12 

60  • 

17,  5 

15 

16 

mm 

- 

L 

79,  3 

jKzg| 

70,8 

- 

E(GPa) 

TL 

79,8 

70,3 

- 

60* 

79,5 

mm 

69,6 

- 

Fbry 

L 

- 

- 

- 

Matage 

(MPa) 

TL 

635 

600 

Fbru 

L 

- 

- 

- 

(MPa) 

TL 

845 

- 

820 

(1)  MILL  HDBK5 


160 


Kr 

(MP*Vm) 
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COURSE  R 


Mil. 


8-14 


8090  T8510 
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SUMMARY 

The  new  aluminium-lithium  alloys  offer  an  attractive  alternative  of  reducing 
structural  weight  for  civil  aircraft  components. 

For  fuselage  application  the  damage  tolerant  version  of  Aluminium-Lithium  as 
substitution  of  2024  T3  material  is  of  greatest  interest.  Due  to  the  responsi¬ 
bility  of  MBB/UT  for  fuselage  structures  within  the  Airbus  production  sharing 
investigations  on  damage  tolerant  8090  and  2091  sheet  material  has  been  carried 
out  a  few  years  ago. 

The  Al-Li  alloys  2091  and  8000 ,  developed  by  PECHINEY,  ALCOA  and  ALCAN  for 
2024  T3  substitution  will  be  presented  in  view  of  mechanical  properties  and 
damage  tolerant  behaviour  with  special  emphasis  placed  on  the  comparison  with 
conventional  alloys. 

Fracture  toughness  data  from  R-Curves  carried  out  on  CCT-specimens  as  well  as 
crack  propagation  behaviour  and  fatigue  results  will  be  discussed. 

Finally  a  summary  will  be  given  on  the  different  corrosion  behaviours. 


INTRODUCTION 

The  new  aluminium-lithium  alloys  offer  the  aircraft  manufacturers  considerable 
weight  gain  potential  without  extensive  conversions  of  their  manufacturing 
facilities . 

The  fact  that  material  manufacturers  fix  price  increase  factors  between  2  and 
5  for  these  alloys  because  of  the  costly  alloying  element  lithium  and  the  in¬ 
creased  cost  for  melting  and  the  manufacture  of  semi-finished  product  incompa¬ 
rison  with  conventional  alloys  in  running  series  production,  compels  the  final 
user  to  make  economical  use  of  these  materials. 

In  civil  aircraft  manufacture,  it  seems  that  semi-finished  products  surh  as 
plates  and  die-formed  parts  with  machining  grades  up  to  95  %  will  be  suitable 
for  series  production  df  very  few  selected  components  only. 

However,  the  situation  is  quite  different  for  sheet  material  and  extrusions 
where  fly-to-buy  ratios  are  generally  rather  advantageous. 

Intensive  investigations  carried  out  at  MBB-UT  have  shown  that  the  extra  effort 
aimed  at  reducing  weight  by  using  aluminium-lithium  sheet  material  and  extru¬ 
sions  and  caused  by  the  higher  price  of  the  semi-finished  products  and  the 
necesrary  adaptations  within  the  production  cycle,  can  be  kept  within  reasonable 
limits . 

Within  the  scope  of  the  Airbus  project,  MBB  is,  above  all,  responsible  for  main 
parts  of  the  fuselage  structure.  At  present,  the  main  material  used  here  is 
the  conventional  alloy  2024  T3  which  is  perfectly  suited  to  fulfill  the  require¬ 
ments  of  these  components  because  of  its  excellent  damage  tolerant  properties. 

This  explains  why,  among  the  aluminium-lithium  alloys  available  today,  we  are 
mainly  interested  in  the  variant  which  has  been  developed  as  a  replacement  for 
this  range  of  applications. 


This  covers  alloy  8090-C  which  has  been  developed  and  produced  by  ALCAN  and 
alloy  2091  developed  by  the  trench  company  PECHINEY  and  now  produced  also  by 
ALCOA  under  a  licensing  agreement. 


This  paper  deals  with  test  results  obtained  on  semi-finished  sheet  material 
products  coming  from  the  three  manufacturers  ALCAN,  PECHINEY  and  ACLOA.  These 
semi-finished  products  were  proposed  as  qualification  material. 

The  reference  material  used  for  the  compansion  of  all  test  results  was  alloy 
2024T3  since  the  possible  introduction  of  aluminium-lithium  alloys  is  entirely 
based  on  the  substitution  principle,  i.e.  geometrical  changes  of  components  as 
a  consequence  of  different  mechanical  and  technoloqical  properties  are  not 
acceptable . 


2.  SCOPE  OF  INVESTIGATIONS 

Throughout  these  investigations,  the  main  emphasis  was  put  on  the  characteriza¬ 
tion  of  ALCAN  alloy  8090-C.  This  is  explained  by  the  existence  of  cooperation 
agreements  with  the  french  Airbus  partner  AEROSPATIALE  who  is  primarily  in¬ 
terested  in  PECHNINEY  alloy  2091. 

In  view  of  the  future  qualification  of  "ONE"  aluminium-lithium  alloy  as  a  sub¬ 
stitute  material  for  2024  T3,  a  whole  series  of  alloy  variants  produced  by  the 
three  potential  manufacturers  have  been  investigated  in  th<  course  of  the  last 
few  years. 

The  so-called  screening  programs  were  aimed  at  determining  essential  proper¬ 
ties  which  would  be  relevant  for  a  future  application  as  substitute  for 
2024  T3.  In  many  cases,  test  were  abandoned  prematurely  when,  upon  characteri¬ 
zation  of  the  material,  properties  were  found  w.iich  could  not  be  considered 
for  application  on  real  aircraft  structures  from  Lne  view  points  of  material 
engineering  or  structural  mechanics. 

This  explains  why  the  extent  of  the  investigation  programs  differs  for  the 
various  alloy  variants. 


2.1  Alloys  under  Investigation 

Fig.  1  shows  the  alloys  available  for  investigation.  ALCAN  and  PECHINEY  variants 
are  further  developments  which  became  necessary  because  the  d  isive  criteria 
of  the  alloys  did  not  meet  MBB-UT  requirements. 


The  relevant  heat  treatment  data  for  the  investigated  alloys  are  given  in  Fig. 2. 


3.  INVESTIGATIONS  PERFORMED 

The  full  scope  of  investigations  performed  on  the  respective  alloy  variants  is 
represented  in  Fig.  3  which  shows  the  different  scopes  of  inspection  for  the 
different  variants.  Some  reasons  for  breaking  off  investigations  will  be  des¬ 
cribed  in  the  following. 


3.1  Tensile  Properties 


3.1.1  Tensile  Tests  tor  Determination  of  Rpa2 ,  Rm  and  A5 

The  tensile  tests  were  performed  on  flat  specimens  as  per  DIN  50114  and 
DIN  50125.  The  data  used  for  comparison  purposes  were  taken  from  the  drafts  of 
MBB  material  data  sheets  (MBBN-4800  and  MBBN-4801)  prepared  for  the  aluminium- 
lithium  alloys  and  represent  requirements  for  a  future  series  application. 

Fig.  4  shows  results  achieved  for  ALCAN  variants  of  8090-C.  It  can  be  seen 
clearly  that  the  alloy  of  the  last  development  stage  fulfills  the  specified 
requirements.  The  reasons  for  the  different  development  stages  are  listed  in 
the  following: 

The  extension  of  the  artificial  ageing  period  (T8X  to  T8X")  was  chosen  in  order 
to  increase  the  frature  toughness.  It  is  evident  that  the  optimum  combination 
was  not  reached  in  this  case  since  the  rupture  strengths  are  slightly  below 
the  target  values.  Any  further  optimization  efforts  were  discontinued  in  view 
of  the  development  of  the  next  variant  with  improved  crack  propagation  beha¬ 
viour. 

Figs.  5  and  6  show  the  relevant  data  for  alloy  2091  produced  by  ALCOA  and 
PECHINEY . 


The  2091  sheets  supplied  by  ALCOA  almost  meet  requirements  regarding  mechnical 
properties. 

The  PECHINEY  sheets  in  condition  T8X  are  in  statisfactory  agreement  with  the 
required  values  as  per  MBB  specification.  However,  this  is  a  condition  which 
cannot  be  taken  into  consideration  for  the  envisaged  area  of  applications  be¬ 
cause  of  its  poor  SCC  qualities.  As  a  result,  PECHINEY  proposed  modified  con¬ 
ditions  CPH  in  an  effort  to  meet  three  main  criteria.  In  principle,  both  CHP 
variants  offer  a  good  SCC  resistance.  The  target  set  for  CPH  R  is  a  damage 
tolerant  alloy  offering  high  strength  values  and  statisfactory  properties  with 
regard  to  fracture  mechanics.  Fig.  6  shows  that,  as  far  as  strength  is  concer¬ 
ned,  the  results  obtained  are  quite  good.  In  condition  CPHK,  the  alloy  was 
optimized  to  achieve  an  extremely  good  fracture  toughness  -  at  the  expense  of 
strength,  so  that  60®  values  do  not  fulfill  the  requirements  of  MBB-N. 


3.1.2  Compression  and  Bearing  Strength 

Several  tests  were  performed  in  order  to  determine  compression  and  bearing 
strength.  Figs,  7  and  8  shows  the  results  obtained.  As  far  as  the  bearing  yield 
stress  limits  are  concerned,  it  was  shown  that  both  alloys  -  8090-C  T8X  and 
2091  CPHR  -  can  be  compared  with  2024  T3.  2091  CPHK  values  are  slightly  infe¬ 
rior. 

The  bearing  tensile  strength  values  of  alloy  2024  T3  were  reached  by  none  of 
the  variants  under  test.  The  best  values  are  obtained  with  alloy  8090-C. 

Fig.  8  shows  a  series  of  compression  strength  values.  None  of  the  tested  mate¬ 
rials  were  worse  than  the  reference  material  2024  T3. 


3.2  Fatigue  Behaviour 

Fatigue  strength  properties  were  examined  on  specimens  with  different  KT  fac- 
tores  and  on  lap  joint  specimens  representing  a  typical  Airbus  connection. 


3.2.1  Fatigue  on  Specimens  with  different  KT  Values 

Fig.  9  shows  the  different  geometries  of  the  specimens  used.  KT  values  were 
1.0,  2.5  and  3.6.  Test  were  carried  out  at  a  frequency  of  20  Hz  and  an  R  ratio 
of  0.1  at  RT. 

Fif-s.  10  and  11  show  the  comparison  between  the  8090-C  alloys  and  2024  T3  as 
reference  to  the  requirements.  It  is  obvious  that  the  fatigue  behaviour  of  alloy 
8090-C  is  equal  to  or  better  than  that  of  alloy  2024  T3.  This  applies  to  all 
conditions  and  KT  factors  tested. 


3.2.2  Fatigue  on  Lap  Joints 

These  tests  were  performed  on  alloys  2024  T3  and  8090-C  T8X.  The  test  bars  re¬ 
presented  single-shear  three-row  longitudinal  lap  joint  sections  complete  with 
riveted  stringer  (Fig.  12) .  The  test  bars  had  been  prepared  with  solid  aluminium 
rivets  7050  T73  and  were  subjected  to  load-controlled  tests  until  rupture  at  a 
frequency  of  20  Hz  at  an  R  ratio  of  0.1. 

Fig.  13  shows  the  service  life  curves  obtained.  Service  life  characteristics 
are  definitely  better  for  alloy  8090-C  T8X  than  for  2024  T3.  Crack  patterns  as 
shown  in  Fig.  14  are  similar  for  both  materials. 


3.3  Crack  Growth  Behaviour 

Tests  concerning  c rack  growth  behaviour  are  conducted  on  CCT  specimens  of  160 
mm  ^idth  (Fig.  15).  Initial  crack  length  was  4  mm;  final  crack  length  was  ap¬ 
proximately  one  third  of  specimen  width. 


3.3.1  Crack  Growth  Life 

Fig.  16  shows  results  concerning  c rack  growth  life  of  8090-C  variants.  All  re¬ 
sults  were  evaluated  in  comparison  with  2024  T3. 

For  all  three  variants  of  alloy  8090  crack  growth  behaviour  is  definitely  better 
than  for  2024  and  depends  heavily  on  orientation.  Crack  deviation  as  shown  in 
Fig.  17  was  not  acceptable  and  led  to  the  optimized  variant  of  alloy 
8090-C  T8X**  which  represents  the  definite  stage. 

Fig.  18  shows  results  obtained  with  PECHINEY  alloys  2091  T8X,  2091  T8X  CPHR  and 
T8X  CPHK. 


9-4 


It  turns  out  that  variant  T8X  is  approcimately  equivalent  to  2024  and  variant 
CPHK  slightly  inferior.  Variant  CPHR  shows  a  significantly  inferior  crack  growth 
behaviour  because  of  the  heavy  dependency  of  orientation. 


3.3.2  Crack  Propagation  Rate 

Fig.  19  shows  the  crack  propagation  rate  for  certain  points  of  AK  for  variant 
8090-C  T8X**. 

For  T-L  orientation,  alloy  8090  shows  a  better  behaviour  over  the  entire  a  K 
range  than  2024  T3.  This  is  not  true  of  L-T  orientation.  8090-C  is  better  up  to 
values  A  K=  13  MPa  fm  but  is  inferior  to  2024  at  higher  AK  values. 

Fig.  20  shows  the  results  of  the  comparison  between  2091  T8X  CPHK  and  2024  T3. 
At  low  AK  values  2091  is  slightly  worse,  while  at  higher  AK  {>20  MPa  Tm)  2091 
is  slightly  better  than  2024.  But  the  deviations,  which  have  been  found  are 
within  acceptable  limits. 


3.4  Fracture  Toughness 

For  the  assessment  of  damage  tolerance  performances  of  aircraft  structures, 
the  residual  strength  (for  a  given  crack  length)  and/or  critical  crack  length 
(for  a  given  stress)  have  to  be  determined  very  carefully. 

Provided  fracture  toughness  data  are  known,  determination  of  these  values  pre¬ 
sents  no  difficulties  at  all.  The  required  data  can  be  obtained  on  the  basis 
of  the  crack  resistance  curve  (R-curve) . 

All  tests  were  performed  on  CCT  specimens  of  400  mm  width  as  specified  in  AST- 
M  E  561.  Comparative  tests  were  carried  out  for  conventional  alloy  2024  T3. 

MBB  did  not  perform  tests  on  alloys  2091  CPHK  and  R  but  used  relevant  test 
results  obtained  by  AEROSPATIALE.  As  far  as  the  apparent  fracture  toughness  is 
concerned,  the  values  found  are  such  that  they  are  away  from  meeting  MBB  design 
requirements . 

The  same  is  true  for  8090  alloys,  but  they  are  quite  better  than  these  of  2091. 
(Fig.  21,  22)  . 

3.5  Corrosion  Behaviour 

Within  the  scope  of  these  investigations,  the  alloys  were  subjected  to  a  series 
of  intergranular  corrosion,  exfoliation  and  SCC  tests.  The  high  sensitivity  of 
2091  alloys  to  stress  corrosion  cracking  became  apparent  at  an  early  stage. 
One  of  the  consequences  was  the  development  of  condition  C PH  by  PECHINEY  and 
another  the  discontinuation  of  MBB  tests  on  ALCOA  alloy  2091. 


3.5.1  SCC  Behaviour 

A  test  performed  on  riveted  sheet  metal  strips  as  developed  by  AEROSPATIALE 
has  proved  to  be  an  excellent  method  for  the  determination  of  SCC  sensitivity 
of  thin  sheet  material.  For  this  purpose,  specimen  are  prepared  as  shown  in 
Fig.  23  and  are  then  subjected  to  an  alternate  immersion  test  as  per 
MIL-STD-1312 .  Duration  of  test  is  10,  20  and  30  days.  At  the  end  of  the  speci¬ 
fied  period,  a  sample  is  taken  from  each  test  lot  and  checked  with  regard  to 
cracks. 

Fig.  24  shows  a  specimen  made  of  alloy  2091  (ALCOA) .  The  cracks  made  visible 
by  dye  penetration  test  can  be  clearly  seen.  This  test  did  not  reveal  any  sen¬ 
sitivity  to  SCC  for  8090-C  variants  or  the  two  2091  CPH  versions. 


3.5.2  Exfoliation  and  Intergranular  Corrosion  Behaviour 

Tests  aimed  at  finding  out  about  intergranular  corrosion  behaviour  were  per¬ 
formed  in  accordance  with  MIL  6088  and  those  concerned  with  exfoliation  were 
carried  out  on  the  basis  of  AST-M-34-79. 

Fig.  25  shows  intergranular  corrosion  attacks  on  8090  C  T8X.  The  attack  depth 
of  approx.  90  m  leads  to  results  which  are  comparable  to  those  of  2024. 

The  same  is  true  for  the  exfoliation  behaviour  represented  in  Fig.  26  where  an 
Exco-grade  of  EA  has  been  found. 
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CONCLUSION 

As  preparation  for  the  material  qualification  of  a  suitable  aluminium- lithium 
alloy  as  a  replacement  for  the  conventional  damage  tolerant  alloy  2024  T3, 
several  alloy  variants  coming  from  the  three  protential  aluminium-lithium  manu¬ 
facturers  ALCAN,  PECHINEY  and  ALCOA  were  subjected  to  a  series  of  tests.  As 
far  as  mechanical  properties  are  concerned,  all  alloys  are  in  satisfactory 
agreement  with  the  required  data. 

As  far  as  fatigue  behaviour  is  concerned,  alloy  8090-C  tested  on  specimens  with 
different  KT  values  and  on  Airbus  lap  joint  specimens  offers  service  life  values 
which  are  either  indentical  to  or  even  better  than  those  of  alloy  2024. 

Crack  growth  life  behaviour  of  alloy  8090-C  T8X  is  better  than  that  of  2024; 
however,  the  crack  growth  rate  at  higher  AK  values  has  proved  to  be  slightly 
inferior. 

As  far  as  alloy  2091  CPHK  is  concerned  crack  growth  life  and  crack  growth  rate 
for  low  4K  are  slightly  worse  than  2024  T3,  while  the  crack  growth  rate  for 
high  4 K  is  slightly  better. 

The  apparent  fracture  toughness  properties  of  PECHINEY  alloy  2091  are  away  from 
fulfilling  the  requirement  even  in  the  special  version  CPHK,  developed  for  this 
purpose. 

Weather  the  slightly  inferior  behaviour  of  8090-C  T8X  is  acceptable,  has  to  be 
checked  very  precisely  in  the  near  future.  The  decision  of  MBB  to  incorporate 
8090-C  in  the  major  fatigue  test  specimen  of  the  A330/A340  is  a  way  to  solve 
this  item  and  is  also  necessary  for  testing  these  new  alloys  on  real  aircraft 
structures. 

Alloys  2091  (ALCOA)  and  2091  T8X  (PECHINEY)  are  extremely  prone  to  SCC.  In  the 
case  of  alloys  8090  CT8X**  and  2091  CPH,  resistance  to  SCC  as  well  as  to  inter¬ 
granular  corrosion  and  exfoliation  attacks  can  be  described  as  good. 
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8090CT8X  * 

2091 T8X 
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AGING  MODIFIED 

CHEMISTRY  AND  PRODUCTION  SEQUENCES  MODIFIED 

1  Alloys  under  Investigation  (1.6  mm  Sheet) 
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Fig, 2  Aging  Practice 
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X 
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Fig. 4  Mechanical  Properties  of  8090-C  Sheet 
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Fig. 5  Mechanical  Properties  of  2091  Sheet  (ALCOA) 
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Fig. 6  Mechanical  Properties  of  2091  Sheet  (PECHINEY) 
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Fig. 9  Fatigue  Test  Specimen 


Kf  =  3.6 


COUPON-TESTS:  CONSTANT -AMPLITUDE-LOADING,  MAX.  ALLOWABLE  STRESS  AMPLITUDE  IN  MPA  (  MEAN  VALUES  ) 
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Fig. 10  Fatigue  Strength  8090-C  T8X 

COUPON-TESTS:  CONSTANT-AMPLITUDE-LOADING,  MAX.  ALLOWABLE  STRESS  AMPLITUDE  IN  MPA  (  MEAN  VALUES  ) 
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Fig. 11  Fatigue  Strength  8090-C  T8X* 
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COUPON-TEST  :  CCT  -  SPECIMEN  ,  WIDTH  W  =  160  MM  ,  THICKNESS  =  1.6  MM 
MEAN  STRESS  «  90  MPA  ,  STRESS  AMPLITUDE  =  +  40  MPA 
INITIAL  CRACK  LENGTH  2a\  =  A  MM 
FINAL  CRACK  LENGTH  2»f  =  W  /  3 


MATERIAL 

ORIENTATION 

N  (  CYCLES  ) 
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8090  T8X** 

L-T 

195000 

T-L 

285000 

It  CRACK  TURN  AT  A  CRACK  LENGTH  OF  a  - 12  MM 
Pig. 16  Crack  Growth  Life  8090-C  Material 
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COUPON-TEST  :  CCT  -  SPECIMEN  ,  WIDTH  W  =  160  MM  ,  THICKNESS  =  1.6  MM 
MEAN  STRESS  =  90  MPA  ,  STRESS  AMPLITUDE  *  +  40  MPA 
INITIAL  CRACK  LENGTH  2a|  =  4  MM 
FINAL  CRACK  LENGTH  2a,  =  W  /  3 
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Fig. 18  Crack  Growth  Life  2091  Material 
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Coupon— tests: 

CCT— specimen,  width  w  =  160  mm,  thickness  =1.6  mm 
Mean  stress  =  90  MPa,  stress  amplitude  =  ±  40  MPa 

crack  propagation  rate  da/dn  {xl  0"“ ^/cycle) 
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Fig. 19  Crack  Propagation  Rate  8090-C  T8X 

Coupon— tests:  CCT— specimen,  width  w  =  160  mm,  thickness  =1.6  mm 

Mean  stress  =  90  MPa.  stress  amplitude  -  ±  40  MPa 

da/dn  (x  10“5  mm/cyclc) 

AK 

2024  T3 
unclad/clad 

2091  CPHK 
unclad 

MPa  ^/nT 

L-T/T-L  L-T 

60° 

T-L 

5 

1 .3  2.4 

2.6 

1.9 

in 

10.6  12.8 

13.4 

11.3 

1u 

36.9  38.0 

38.3 

34.9 

20 

96.9  89.9 

89.3 

86.1 

25 

Fig. 20  Crack 

223.8  196.5 

Propagation  Rate  2091  T8X  CPHK 

195.7 

189.1 

The  apparent  fracture  toughness  Kc0  is  determined  from  the  R—  curve  using  the 
tangent— approach.  Kco  is  defined  as: 

Kc0  ~  °c  \/*a0/cos  (™0/w> 

Oc  =  uniform  remote  gross— sectional  failure  st. 
ao  =  half  crock  length  at  the  beginning  of  the  loading 
w  =  width  of  the  CCT— specimen 
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Fig. 21 
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The  fracture  toughness  is  determined  from  the  R— curve  on  unstiffened,  flat, 
centre-cracked  panels. 


a)  Width  w  =«  400  mm 

2a0/w  30  Kc0(MPaN/ST 

2024  T3  2091  CPHK 

mm 

033  G7  96.5  85.4 


b)  Width  w  =  2000  mm 

a0 


0.275 
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KcO  (MPa ■y/mT 
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275  137.5  98.6 

Fig. 22  Apparent  Fracture  Toughness  2091 


Fig. 24  SCC  Test  Results  2091  (ALCOA) 
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ALUMINUM  LITHIUM  ALLOTS  FOR  NAVY  AIRCRAFT 


E.  U.  Lee  and  J.  Waldman 
Naval  Air  Development  Center 
Warminster,  PA  18974 


ABSTRACT 

Ingot  aetallurgy  alloys  of  alumlnua  with  lithium  additions  offer  large 
gains  In  structural  efficiency  due  to  reduced  density  together  with  Increased 
strength  and  elastic  modulus  Several  alloys  are  now  commercially  available. 
■Tie  Navy  has  been  sponsoring  RAD  activities  In  these  alloys  since  the  mid¬ 
seventies.  Current  efforts  Include  ongoing  multi-laboratory  evaluations  of 
aluminum -lithium  alloys  to  replace  7075-T6  and  7075-T73.  The  Navy  Is  also 
conducting  RAD  on  thermal  mechanical  processing  and  superplastic  forming  on 
these  alloys.  Additional  testing  Is  being  conducted  to  determine  their 
corrosion  resistance  in  an  aircraft  carrier  environment. 


Introduction 

The'  first  commercially  available  aluminum-lithium  (Al-Ll)  alloy,  2020  was 
developed  In  the  1950's.  The  use  of  lithium  bearing  aluminum  alloys  for 
aircraft  structure  began  in  1958  with  the  use  of  alloy  2020  on  the  Navy  RA-5C 
Vigilante.  Production  problems  and  concerns  about  low  fracture  toughness  led 
to  the  termination  of  further  production  in  1969.  However  an  Increasing  need 
for  more  efficient  aircraft  rekindled  strong  research  activities  In  Al-Li 
alloys  among  aluminum  producers  in  conjunction  with  support  from  the  U.S. 

Htvy.  As  a  result,  several  commercially  available  Al-Li  alloys  have  been 
introduced  by  the  major  aluminum  producers- 

The  U.S.  Navy  has  been  sponsoring  and  conducting  RAD  on  Al-Ll  alloys  since 
the  mid-seventies.  The  Navy  sponsored  multi-laboratory  evaluation  of  2090 
alloy  has  shown  that  the  mechanical  properties  of  2090  alloy  equal  or  exceed 
those  of  7075-T6.  The  Navy  haa  alao  been  conducting  research  in  such  areas  as 
the  development  of  thick  Al-Ll  plate,  forging  of  powder  metallurgy  (PM)  and 
ingot  metallurgy  Al-Li  alloys,  superplastic  forming,  conventional  forming, 
corrosion,  and  quench  sensitivity.  As  a  result  of  this  work  and  the  extensive 
research  and  development  efforts  by  producers,  wlveralties ,  and  other 
government  agencies,  Al-Ll  alloys  have  become  an  Important  advanced  structural 
materials  for  aerospace  application. 

This  paper  describes  the  mechanical  and  physical  properties  of  2090  Al-Li 
alloy.  These  mechanical  and  physical  characteristics  of  2090  alloy  were 
explained  in  terms  of  microstructure  variation.  Also  the  corrosion  behavior 
of  Al-Ll  alloys  was  discussed. 

Advantages 

Al-Ll  alloys  can  reduce  the  weight  by  7-15Z  and  increase  the  modulus  by 
10-20Z  compared  with  currently  used  high  strength  alwlnum  alloys .  In 
addition,  Al-Li  alloys  provide  other  advantages  over  other  conventional 
aluminum  alloys.  Fatigue  crack  propagation  rates  and  spectrum  fatigue 
resistance  of  Al-Ll  alloys  are  better  than  those  of  7xxx  alloys.  Another 
benefit  of  using  Al-Li  alloys  Is  thalr  high  temperature  capability  compared  to 
7xxx  alloya.  This  is  due  to  stable  precipitates  of  Al-Ll  alloyo  et  high 
temperatures .  It  has  been  reported  that  Al-Ll  alloys  exhibit  an  80°F 
advantage  over  7xxx  alloys  in  the  same  heat-traated  condition.  It  was  also 
found  that  Al-Li  alloys  axhlblt  excellent  ductility  and  strength  at  liquid 
nitrogen  temperature.  The  yield  strength,  UTS  and  ductility  of  2090  at  77K 
are  90  Kel,  106  Ksl  and  12Z  respectively.  While  the  higher  temperature 
capability  of  Al-Ll  alloye  is  an  important  benefit  for  the  high  performance 
aircraft  application,  the  excellent  mechanical  properties  at  low  temperature 
make  these  alloye  very  valuable  for  rocket  applications. 


Al-Li  Alloy  Psvelopment 

Different  goals  depending  on  the  application  were  established  for  the 
development  of  Al-Ll  alloys  by  the  Nsvy.  Goal  A  alloy  is  a  damage  tolerant 
alloy  which  will  replace  2024-T3.  Goal  B  alloy  is  a  high  strength  alloy  which 


will  replace  7075-T6.  Goal  C  alloy  la  a  minima  density  alloy.  Goal  D  alloy 
la  a  thick  aectlon  stress  corrosion  resistant  alloy  which  will  replace 
7075-T73.  Goal  B  alloy  was  first  developed  and  designated  as  2090  T8E41 

Pig  I  shows  the  transition  path  for  the  development  of  2090  alloy  by  the 
U.S.  Navy.  Note  It  began  with  basic  studies  and  ending  with  system 
application.  As  it  can  be  seen  In  Fig  1,  the  Navy  has  been  sponsoring  and 
conducting  RAD  since  ald-seventles  in  the  areas  of  phase  relationships, 
precipitate  kinetics.  Ll/Cu  ratio,  role  of  alloying  elements,  mlcrostructure- 
mechanical  properties  relationships,  corrosion  and  aging  studies.  At  this 
point  in  tlae  both  the  Navy  and  Air  Force  are  sponsoring  various  activities 
for  the  production  and  evaluation  of  aircraft  components. 


&ound-Robln  Test  Program 

The  Navy  has  been  sponsoring  a  round-robin  prograa  to  develop  and  exploit 
goal  B  and  goal  D  Al-Ll  alloys.  The  specific  objective  of  the  Goal  B  prograa 
is  to  establish  user  experience  which  provide  a  basis  for  guiding  future 
research  as  well  as  assessing  a  data  base  for  the  implementation  of  this  alloy 
Into  various  aircraft  applications.  Table  I  shows  the  participating 
organizations  In  the  goal  B  program.  Seven  government  agencies  and  23 
aerospace  companies  are  participating. 

Table  II  shows  the  base-line  mechanical  tests  and  supplementary  tests. 

The  babe-line  mechanical  tests  were  performed  by  all  participants.  The 
supplementary  tests  were  carried  out  by  ALCOA  and  some  participating 
organizations.  In  addition  to  these  tests,  the  Naval  Air  Development  Center 
(NADC)  is  conducting  an  aircraft  carrier  exposure  testing  program.  This 
program  will  give  corrosion  results  which  will  show  bow  the  actual  environment 
that  Navy  aircraft  are  exposed  to  effect  the  Al-Ll  that  will  be  used  on  Navy 
aircraft.  These  tests  will  also  make  It  possible  to  determine  which 
accelerated  corrosion  test,  EXCO  or  MASTMAASIS  best  simulate  the  actual 
environment  for  these  alloys. 

Table  III  shows  the  product  forms  for  goal  B  round-robin  testing.  The  0.5 
inch  plate,  extrusion  and  0.063  inch  sheet  have  been  delivered  and  the 
evaluation  has  been  completed.  The  delivery  of  1.5  inch  thick  plate  was 
completed  recently  and  the  tests  are  now  in  progress. 

Table  IV  shows  the  results  of  the  Naval  Air  Development  Center's  work  on 
tensile  properties  of  the  0.5  Inch  thick  2090  T8E41  Al-Ll  plate  compared  with 
those  of  7075- T651  plate.  The  tensile  strength  of  this  alloy  equals  or 
exceeds  the  goal  properties.  However,  the  ductility  and  compressive  yield 
strength  in  the  longitudinal  direction  are  lower  than  those  of  7075-T651 
plate.  The  fracture  toughness  value  of  this  alloy  as  shown  in  Table  V  exceeds 
the  goal  properties. 

Fig.  2  shows  the  fatigue  crack  growth  rate  of  7075  T651  and  2090  T8E41  0.5 
inch  plate.  Alloy  2090  exhibits  superior  fatigue  crack  growth  resistance  that 
Is  about  two  orders  of  magnitude  slower  than  that  of  7075  T651.  In  this  work 
a  compact  tension  specimen  was  used  with  a  R-ratlo  0.33  and  25  Hertz.  A 
higher  fatigue  crack  growth  resistance  was  observed  In  the  LT  direction  than 
In  the  TL  direction.  The  superior  fatigue  crack  growth  resistance  of  this 
alloy  can  be  explained  by  Its  microstructure  and  related  deformation  behavior. 
An  unrecrystalllzed  microstructure,  strong  texture  and  shearable  precipitates 
promote  long  slip.  Since  Jong  slip  Increases  slip  reversibility,  less  damage 
is  accumulated  at  the  tip  of  the  crack  thereby  lowering  fatigue  crack  growth 
rate.  Long  slip  also  promotes  a  tortuous  crack  path.  Thus  the  actual  crack 
length  Is  much  longer  than  the  projected  length.  Also  the  tortuous  crack  path 
decreases  the  effective  stress  intensity  range  by  increasing  the  roughness 
Induced  crack  closure  and  Increasing  the  offset  angle  of  the  crack  propagation 
direction  from  90  of  loading  direction.  Therefore,  low  fatigue  crack  growth 
rates  are  observed. 

Table  VI  Bhows  the  Initial  results  of  the  mechanical  properties  of  1.5 
Inch  thick  2090  T8E41  plate.  The  longitudinal  and  transverse  direction 
tensile  properties  and  fracture  toughness  values  are  equal  or  exceed  the 
target  properties.  However,  the  short  transverse  ductility  and  fracture 
toughness  Values  are  below  the  goal  properties.  This  Is  also  associated  with 
the  mlcrostructure  of  2090  alloy.  The  large  elongated  pancake  shape  grain 
structure  in  conj  tact  ion  with  the  presence  of  large  grain  boundary  phases 
promote  the  grain  boundary  separation.  Icosahedral,  large  elongated  T  and 
equilibrium  delta  phases  form  at  the  grain  boundaries.  The  size  and  1 
distribution  of  these  precipitates  are  related  to  quench  sensitivity  of  this 
alloy. 


Anisotropy  in  Mechanical  Properties 


While  several  dlstlnetlva  benefits  can  be  attained  by  using  Al-Ll  alloys, 
there  are  disadvantages  thet  ere  deleying  the  Implementation  and  preventing 
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the  wide  spread  use  of  these  alloys  for  aircraft.  Anisotropy  In  mechanical 
properties  is  one  of  the  problems  for  sheet  application.  Pig.  3  shows  tensile 
properties  of  0.063  inch  2090  T8E41  Al-Li  sheet  as  a  function  of  angle  between 
the  tensile  axis  and  the  rolling  direction.  The  tensile  strength  drops  15-20Z 
when  this  angle  is  43-60  coapared  to  that  of  the  longitudinal  direction.  The 
yield  strength  shows  the  saae  trend  as  the  ultiaate  tensile  strength.  The 
ductility  increases  with  decreasing  tensile  strength.  Fig  4  shows  the 
deformation  structures  of  the  fractured  tensile  specimens  tested  at  three 
different  directions  (0  ,  45°,  60  ).  When  the  tensile  axis  is  0°  with  respect 
to  the  rolling  direction,  both  a  uniform  elongation  in  a  microscopic  view  and 
a  uniform  distribution  of  dislocation  in  a  TEH  micrograph  are  observed.  When 
the  tensile  axis  in  wither  45  or  60°  to  the  rolling  direction  non-uniform 
elongation  and  localized  slip  are  observed.  The  localized  deforaatlon  is 
probably  due  to  the  rolling  texture  and  the  precipitate  morphology. 


Effect  of  Stretching 

Al-Li  alloys  containing  copper  (2090,  8091)  need  to  be  stretched  prior  to 
aging  in  order  to  obtain  optimal  strength  and  fracture  toughness.  The 
requirement  for  stretching  has  been  an  obstacle  to  the  use  of  these  alloys  as 
superplastic  foraing,  conventional  forming  and  forging  materials.  The  basic 
mechanisms  of  the  T8  temper  have  been  studied  by  NADC. 

Fig.  5  shows  the  tensile  strength  of  2090  Al-Li  alloy  as  a  function  of 
amount  of  stretch  prior  to  aging.  The  yield  strength  and  ultimate  tensile 
strength  increase  with  increasing  amount  of  stretch.  Although  there  are  large 
strength  differences  between  the  samples  aged  at  160°  C  and  190°  C  observed  in 
the  unstretched  condition,  the  tensile  strengths  of  the  10Z  stretched 
materials  are  nearly  the  same.  The  introduction  of  dislocations  during 
stretching  provides  heterogeneus  nucleatlon  sites  for  the  T^  precipitates. 
Consequently,  stretching  increases  the  number  of  precipitates  and  the 
homogeneity  of  their  distribution. 

The  TEM  dark  field  micrographs  in  Fig  6  show  the  typical  size  an- 
morphology  of  T.  precipitates  at  several  conditions;  (a)  0Z  stretch  aged  at 
160  C,  (b)  2%  stretch,  aged  at  160°C,  (c)  10%  stretch,  aged  at  160°C,  (d)  0Z 
stretch,  aged  at  190  C,  (e)  2Z  stretch,  aged  at  190°C,  (f)  10Z  stretch  aged  at 
190°C.  The  size  of  the  T  phase  decreases  and  the  homogeneity  of  its 
distribution  improves  with  increasing  amount  of  stretch.  When  the  alloy  is 
aged  at  190°C,  the  effect  of  stretch  is  associated  with  the  refinement  of  the 
T  precipitates.  However,  when  the  alloy  is  aged  at  160°C,  the  effect  of 
stretch  Is  associated  with  both  the  refinement  and  the  formation  of  new  Tj 
precipitates . 


Corrosion 


The  Naval  air  Development  Center  Is  evaluating  the  corrosion  resistance  of 
2090  alloy.  Both  accelerated  laboratory  test  and  atmospheric  exposure  tests 
were  employed  for  the  corrosion  resistance  evaluation.  EXC0  and  salt  spray 
plus  sulfide  oxide  tests  were  conducted  as  an  accelerated  test.  Shipboard 
exposure  was  utilized  as  an  atmospheric  exposure  test.  The  alloy  has  been 
exposed  on  the  deck  of  Navy  aircraft  carrier  during  a  6  month  period.  It  is 
well  known  that  EXCO  test  result  Is  in  good  agreement  with  real  time  corrosion 
result  for  7xxx  alloys.  However,  the  EXCO  test  has  led  to  conflicting  results 
for  Al-Ll  alloys .  EXCO  tests  on  Al-Li  result  in  a  very  poor  rating  for  the 
alloy.  Hetallographic  examination  Indicates  that  an  intergranular  dissolution 
mechanism  Is  responsible  for  the  severe  rating.  However,  the  shipboard 
results  as  shown  In  Fig  7  indicate  that  the  corrosion  resistance  of  Al-Li 
alloys  is  superior  to  that  of  similarly  exposed  7075-T651.  The  surface 
appearance  and  the  subsequent  rating  of  the  2090  T8E41  after  the  6  months 
shipboard  exposure  is  almost  the  same  as  that  of  7075-T73  alloy.  This  means 
that  the  alloy  2090  T8E41  exhibits  an  excellent  resistance  to  exfoliation 
corrosion . 


TABLE  I.  Participating  organizations  in  the  Goal  B  program. 

1.  Aero  Research  Associate#  ot  Mneeion 

*.  Air  Force,  IWgMAerprwutk*  Laboratories 

4.  Alcoa  Laboratories 

4.  Army  Mechanic*  and  Materials  Research  Center 

A  AVCO  Laboratories 

•.  Bei  Heiioplw 

7.  Boeing  Commercial  Airplane  Company 

a.  Douglas  Aircraft  Comapny,  Long  Beech 

A  Fakchid  RepuhBc  Company 

10.  General  Dynamic#  -  ComwF 

11.  General  Dynamic*  -  Fort  Worth 

It  Grumman  Aerospace  Corporation 

14.  Hughes  HeOcopfra.  Inc. 

it  Lockheed  CaJtfomie  Company 

U.  Lockheed  Georgia  Company 

10  LTV  Aerospace  and  Defense  Company 

17.  Martin  Marietta  Aerospace  -  New  Orleans 
1*.  McOonne*  Aircraft  Company  •  St.  Louie 

14.  NASA  Langley  Research  Center 

20.  NASA  MerehaB  Specetfght  Center 

21.  Navel  Air  Development  Center 

22.  Naval  Ocean  Systems  Center 

24.  Naval  Research  Laboratory 

24.  Naval  Surtees  Weapons  Carter 

20.  Northrop  -  Advanced  Systems  Division  -  Pico  Rivera 

24  Northrop  -  Aircraft  Division  -  Hawthorns 

27.  Rockwell  -  NAAO  -  Lot  Angeles 

24.  Rockwell  -  Space  Transportation  Systems  -  Downey 

24.  Sikorsky  Aircraft 

30.  Teledyne  Ryan  Aeronautical 


TABLE  II.  Base-line  mechanical  testa  and  supplementary  tests 
for  Goal  B.  program. 

•  Base  Mechanical  Tesla  —  All  Participants: 

—  Tensile 
—  Compressive 
—  Sheer 
—  Searing 

—  Modulus  (Tensile  and  Compressive) 

—  Fracture  Toughness 

—  Fatigue  Crack  Growth  —  Constant  Amplitude 

•  Supplementary  Characterization  —  Alcoa: 

—  Density 
—  Composition 

—  Mic restructure  —  Optical  Metallography 
—  Residual  Stress 

—  Elevated  Temperature  (300-500 of)  Tensfle 
—  Low  Temperature  (-dOOf)  Tensile  and  Fracture  Toughnesi 
—  Ott-Aaie  Tensile,  Compression,  Shear  and  Fracture  Toughness 
—  Fatigue: 

-  Ailsl  S-N,  Smooth  and  Notch  (Xt  *  3),  Ambient  Air  end  Aqueous  Salt 

•  Cyclic  Strain  Fatigue,  Ambient  Air 

•  Crack  Growth,  Dry  and  Sat!  Spray 

-  Spectrum  Fatigue  (FALSTAFF) 

—  Eafollahon: 

•  EXCO 

-  mastmaasis 

•  Seacoast 

—  Stress  Ccrroston 

-  Smooth  Tensile  Bars  end  C-RIngs  (3.5%  NaCI  By  Alternate  Immersion) 

•  KISCC-Type  (3.5%  NaCI  Dropwise) 

—  Solution  Potentials  and  Cycle  Polarisation  Curves 
—  Fraetography/Faiiure  Analysis 

•  Supplementary  Characterization  —  Other  Laboratories: 


TABLE  HI.  Product  forms  for  Goal  B.  program. 


2090  ALLOY  PRODUCTS 
0.063  In.  THICK  SHEET 
0.5  In.  THICK  PLATE 
1.5  In.  THICK  PLATE 
■T*  SHAPED  EXTRUSION 


STATUS 

TESTING  COMPLETED 
TESTING  COMPLETED 
TESTING  IN  PROGRESS 
TESTING  COMPLETED 
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TASLE  IV.  Tensile  properties  of  the  0.5  inch  chick  2090  T8E4  1 
Al-Li  place  and  7075-T651  plate. 


UTS 

Ksl 

TYS 

Ksl 

Elong. 

% 

Ed) 

Msl 

CYS 

Ksl 

o  « 

ui  £ 

2090(L) 

85 

75 

7.6 

11.5 

72 

12.0 

7075(L) 

83 

78 

12 

10.3 

76 

10.6 

2090(LT) 

85 

80 

6.2 

11.6 

61 

12.1 

7075(IT) 

84 

75 

12 

10.3 

80 

10.6 

TABLE  V.  Fracture  toughness  values  of  the  0.5  inch  thick 
2090  T8E4  I  Al-Li  plate  and  7075-T65I  plate. 


Alloy 

Fracture  Toughness 
Ko(Ksl-ln1/2) 

2090(L-T) 

29 

7075(L-T) 

26 

2090(T-L) 

28 

7075(T-L) 

23 

TABLE  VI.  Mechanical  properties  of  1.5  inch  thick  2090  T8E4  I  plate 

T£ST  PIR.  -VS  <KS1>  ms  (KS1)  ElOMiATlDN  (I) 


L 

LT 

ST 

45" 


81 

79 

64 

68 


85 

84 

70 

76 


6.8 

4.5 

1.1 

4.5 


TEST  DIR. 

L-T 

T-L 

S-L 

S-T 


Kfl  (KS1  in; 

34 

27 

7 

8 


1(M> 


f SYSTEM > 
'APPLICATION 


/MANUFACTURE  ANCT 

/SCALE  -  UP  OF  UAGE\  1.3  -  POSSIBLE 
/PRODUCTION  SIZE  PARTSA  MFC  TECH. 

'  INDUSTRY  INVOLVED  WITH  ' 

GOVT  MONITORSHIP 


/alloy  casting,  alloy  optimization\ 

r  MECHANICAL  PROPERTY  \  B.2 

CHARACTERIZATION  OF  SHEET  PLATE  AND  \  1980  -  PRESENT 
EXTRUSION  GOVT  LABS.  INDUSTRY  INVOIVEO' 


ALLOY  DESIGN  (AUIC«  M| 2r|  (AMI-Cs-Zr) 

HEAT  TREATMENT.  SCC.  PRECIPITATE  MORPHOLOGY 
IDENTIFICATION.  INDUSTRY  AND  UNIVERSITIES  INVOlOVEO 


I.1  +  N.2 
1910  -  PRESENT 


BASIC  STUDIES  OF  PHASE  RELATIONSHIPS  IN  BINARY,  TERNARY  > 
f  AND  OUARTERNARY  ALLOYS.  IAI-LI  X  Y  Z..J.  UNIVERSITIES  INVOLVEO' 


BASIC  (B.11 
.  1175  TO  PRESENT 


Fig-  I.  Transition  path  for  the  development  of  2090  alloy  by  the 
U.S.  Navy.  Note  the  progression  of  the  alloy  development  program 
from  6.1  through  6.2  and  6.3  to  eventual  incorporation  into 
fleet  aircraft. 


AX  (MP« Vm) 
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<1 
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Pig.  2.  Fatigue  crack  growth  rate  of  7075  T65I  and  2090  T8E4 ' 

0.5  inch  plate.  Alloy  2090  exhibits  superior  fatigue  crack  growth 
resistance  that  is  about  two  orders  of  magnitude  slower  than  that  of 
7075  T65 1  at  the  stress  intensity  range  of  10  KSiMn. 


T 
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Fig.  6.  TEM  dark  field  micrographs  showing  the  size  and  morphology 
of  T.  precipitates  at  several  conditions;  (a)  0Z  stretch,  agei  at 
I60°C ,  (b)  21  stretch,  aged  at  160°C, 

(c)  I0Z  stretch,  aged  at  160®C, 

(d)  OZ  stretch,  aged  at  I90°C, 

(e)  2Z  stretch,  aged  at  190*C, 

(f)  10Z  stretch,  aged  at  I90°C 
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FATIGUE,  FRACTURE  MECHANICS  AND  CORROSION  PROPERTIES 
OF  SOME  ALUMINIUM-LITHIUM  ALLOYS* 
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Department  of  Aerospace  Engineering,  University  of  Pisa 
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ABSTRACT 

A  research  programme  for  the  evaluation  of  the  main  characteristics  of  the  newly 
developed  Al-Li  alloys  has  been  undertaken  under  the  sponsorship  of  the  Italian  National 
Research  Council  (C.N.R.).  Many  italian  aeronautical  Industries  and  Research  Institutes 
take  part  in  this  programme,  which  comprises  a  large  variety  of  experimental  activities: 
static  tests,  fatigue  tests,  crack  propagation  tests,  fracture  toughness,  corrosion 
susceptibility,  formability,  workability  and  other  tests. 

Different  producers  (British  Alcan,  Cegedur  Pechiney  and  Alcoa)  provided  the  alloys 
tested  in  this  programme;  2091,  8090  and  2090  alloys  have  been  object  of  investigation. 

T..e  paper  describes  some  of  the  results  obtained  so  far  in  the  C.N.R.  programme  and 
some  results  obtained  by  Aeritalia  in  its  own  programs.  The  results  are  relevant  to 
fatigue  tests  carried  cut  both  on  notched  and  unnotched  specimens,  under  Constant 
Amplitude  loading  (R=0.1).  Fatigue  tests,  together  with  structural  (TEM)  and 
fractographic  (SEM)  studies,  have  been  carried  out  also  for  assessing  the  influence  of 
different  ageing  on  both  mechanical  properties  and  failure  modes  of  materials. 

Crack  propagation  tests  were  carried  out  under  both  C.A.  loading  and  FALSTAFF 
sequence  and  are  here  presented,  together  with  results  from  fracture  toughness  tests. 

Corrosion  properties  have  been  assessed  by  measuring  the  free  corrosion  potential 
according  to  ASTM  G  69  standard  method  and  also  in  neutral  salt  solution  of  Na2SO<,  (0.1 
M) .  Preliminary  results  obtained  show  that  Li-containing  materials  exhibit  an 
intermediate  behaviour  between  traditional  2024  and  7075  alloys  and  that  the  presence  of 
Li  does  not  influence  appreciably  the  corrosion  mechanism. 


1.  INTRODUCTION 

The  introduction  of  advanced  composite  materials  in  aircraft  construction  represents 
a  milestone  in  material  selection.  Predictions  about  their  use  in  modern  aircraft, 
designed  for  the  '90s  and  beyond,  are  of  more  than  50%  of  total  structural  weight  for 
tactical  military  airplanes,  /l/,  and  at  least  25%  for  commercial  aircraft,  12/ .  The 
increasing  use  of  advanced  composite  materials  has  fostered  the  natural  development  of 
new  advanced  aluminium  alloys  by  the  metallurgy  industry. 

In  this  qeneral  situation,  the  so-called  new  Al-Li  alloys  occupy  an  important 
position;  they  differ  from  the  traditional  Al-Cu  or  Al-Zn  alloys  because  of  the  presence 
of  Litium,  in  quantities  of  about  2-3%  in  weight,  as  the  first  or  second  alloying 
element.  This  produces  a  density  reduction  of  about  8-10%.  Moreover,  the  utilization  of 
Al-Li  alloys  does  not  require  new  special  equipments  or  tooling  investment  (as  composite 
materials  do)  and  classical  design  and  manufacturing  techniques,  as  well  as  established 
aircraft  maintenance  (and  repair)  practices,  can  be  preserved. 

Therefore,  the  new  Al-Li  alloys  developed  in  the  last  decade  by  the  main  industries 
have  been  looked  upon  with  great  interest  by  the  aircraft  manufacturing  industry.  Some 
of  them,  such  as  2090,  2091  and  8090  alloy,  have  reached  an  advanced  stage  of 
development  and  are  almost  ready  for  commercialization.  Each  of  them  has  a  different 


*  This  work  was  partly  financed  by  the  Italian  National  Research  Council. 
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target  alloy  which  it  is  intended  to  substitute: 

a)  2090  is  a  high-strength  alloy,  mainly  developed  to  replace  7075-T6;  however,  many 
different  tempers  have  been  developed  in  order  to  obtain  particular  specific  properties. 

b)  2091  was  developed  to  obtain  medium  strength  and  good  toughness  properties;  it  seems 
likely  to  replace  2024-T3  in  the  proper  temper  conditions. 

c)  the  target  of  8090  is  quite  similar  to  that  of  2091,  but  with  higher  static 
properties.  According  to  the  heat  treatment,  it  is  likely  to  replace  either  2024-T3  or 
2014-T6. 

Evaluation  programs  are  currently  being  carried  out  by  many  aircraft  manufacturing 
Industries  and  Research  Institutes.  This  paper  contains  the  results  of  research  aimed  at 
assessing  the  fatigue  and  damage-tolerance  properties  of  certain  Al-Li  alloys,  carried 
out  by  Aeritalia-tWC  (Gr-ppc  Velivoli  da  Combattimento)  and  by  the  Departments  of 
Aerospace  Engineering  and  Chemical  Engineering  of  the  University  of  Pisa.  Corrosion 
potentials  have  been  assessed  by  D.A.S.R.S.,  Pratica  di  Mare.  Some  of  the  results  were 
obtained  within  the  framework  of  an  on-going  research  programme,  financed  by  the  Italian 
National  Research  Council  (C.N.R.),  which  coordinates  research  carried  out  by  both 
Industries  and  Research  Institutes.  Other  results  are  the  property  of  Aeritalia,  to  whom 
the  Authors  are  grateful  for  allowing  publication. 

2.  EXPERIMENTAL  PROGRAM 

Batches  of  2090,  2091  and  8090  alloys  were  supplied  by  Alcoa,  British  Alcan  and 
Cegedur  Pechiney.  The  as-received  materials  were  available  in  different  thicknesses  and, 
in  certain  cases,  also  in  different  heat  treatments  or  in  overaged  conditions.  This 
paper  only  contains  the  results  of  fatigue  tests  performed  on  notched  and  unnotched 
specimens  and  of  Fracture  Mechanics  tests,  besides  preliminary  assessment  of  corrosion 
susceptibility.  No  discussion  will  be  found  here  of  all  the  other  kinds  of  experimental 
activities  included  both  in  the  Aeritalia  and  in  the  C.N.R.  assessment  programs  (static, 
stress  corrosion  cracking,  riveted  joints,  formability,  workability,  etc) . 

Fatigue  tests  were  carried  out  on  plain  specimens,  whose  geometry  is  shown  in  fig.  1 
(Kt  =  1.07,  / 3 / ) ;  the  same  geometry  was  used  for  the  notched  specimens,  when  a  hole,  5 
mm  in  diameter,  was  simply  drilled  at  the  center  (Kt  =*  3.1  referred  to  gross  area,  /3/). 
Whenever  sufficient  material  was  provided,  fatigue  tests  specimens  were  prepared  both  in 
the  L  and  LT  direction.  Due  to  the  preliminary  nature  of  the  investigation,  fatigue 
tests  were  carried  out  under  Constant  Amplitude  (CA)  axial  loading,  with  a  stress  ratio 
R  (=Smin/Sraax)  equal  to  0.1. 

Crack  propagation  tests  were  carried  out  mainly  under  CA  loading,  characterized  by 
different  stress  ratios,  but  preliminary  tests  under  FALSTAFF  spectrum  loading,  141 , 
were  also  performed. 

The  Department  of  Chemical  Engineering  of  the  University  of  Pisa  cooperated  in  the 
program  by  carrying  out  sample  fractography  by  using  a  JEOL  T300  SEM  and  structural 
characterization  of  materials  by  means  of  Transmission  Electron  Microscopy. 

D.A.S.R.S.  carried  out  an  assessment  of  corrosion  properties  by  measuring  corrosion 
potential  according  to  ASTM  G  69  standard  method  and  also  in  neutral  salt  solution  of 
Na2  SO 4  (0.1  M) . 

3.  FATIGUE  TEST  RESULTS 

The  fatigue  test  results  will  be  presented  in  the  following  separately  for  each 
material.  Certain  observations  can  be  made  which  hold  good  for  all  the  tested  materials. 
The  presence  of  Litium,  a  highly  reactive  element,  causes  quick  oxidation  of  the 
fracture  surfaces;  therefore  timely  dismounting  of  the  failed  specimen  from  the  fatigue 
machine  and  gold  coating  are  necessary,  in  order  to  ensure  surface  readability  in 
subsequent  metallographic  analysis. 

Fatigue  test  results  have  been  compared  with  data  from  MIL-HDBK-5D,  but  personal 
experience  is  that  quite  often  the  actual  fatigue  behaviour  of  a  material  is  somewhat 
lower  than  expected  according  to  MIL-HDBK-5D  data,  which  refers  to  electropolished 
specimens. 

2091  Alloy 

The  typical  chemical  composition  is  shown  in  table  I;  the  average  density  is  2.57 
gr/cc.  Three  thicknesses  were  available:  1.6  mm  and  3.0  mm  sheets  and  12.0  mm  plate.  The 
three  materials,  all  from  the  same  manufacturer,  were  also  in  different  heat  treatments: 
t*1.6  mm:  T6;  t*3,0  mm:  T8;  t=12.0  mm:  T651. 

The  three  heat  treatments  produced  different  properties  in  the  material. 
Nevertheless,  fatigue  test  results  obtained  from  the  different  batches  will  be  compared 
in  the  following,  without  showing  conspicuous  differences. 

Fig.  2  contains  the  results  from  unnotched  specimens.  The  data  is  almost  uniformly 
distributed  and  no  particular  influence  can  be  ascribed  to  thickness  or  to  the  principal 
rolling  direction.  Comparison  with  the  reference  material,  2024-T3,  from  MIL-HDBK-5D, 
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shows  poor  fatigue  behaviour:  for  equal  life,  the  reduction  in  stress  is  about  20%. 

It  is  difficult  to  draw  definite  conclusions  from  the  examination  of  the  data  in  fig. 
2,  due  to  the  existence  of  contradictory  tendencies  in  the  results  and  the  differences 
in  the  batches  (heat  treatment,  thickness,  grain  orientation),  which  can  interfere  with 
each  other.  A  rather  wide  scatter  is  also  observed. 

Another  batch  of  material,  2091-T8X,  1.6  mm  thick,  was  made  available  by  another 
manufacturer.  Only  L  specimens  were  made  and  tested;  fig.  3  contains  a  comparison 
between  the  two  manufacturers,  for  the  same  thickness  and  grain  orientation,  but 
slightly  different  heat  treatment.  The  material  of  the  second  producer  proved  to  possess 
better  characteristics:  compared  to  the  traditional  alloy,  the  reduction  in  stress  for 
equal  life  is  only  10%  in  the  low  number  of  cycles  while  the  fatigue  limit  seems  to  be 
very  similar. 

Fatigue  tests  were  carried  out  also  on  overaged  material  obtained  by  imposing  the  3.0 
mm  thick  sheet,  originally  in  the  T8  condition,  to  different  holding  times  at  high 
temperatures.  As  the  structure  of  the  material  was  underaged  in  the  as-received  state, 
it  was  decided  to  perform  some  fatigue  tests  on  small  lots  of  specimens  which  had 
undergone  the  following  overaging  treatments: 

(B)  100  hours  at  135 °C;  <C)  200  hours  at  135°C;  (D)  100  hours  at  190°C. 

Fig.  4  shows  the  fatigue  test  results  and  it  can  be  observed  that  the  overaging 
treatment  (B)  induces  an  improvement  in  the  material  fatigue  strength,  whilst  longar 
holding  times  at  135  °C  (heat  treatment  (C) )  do  not  seem  to  give  better  results  with 
respect  to  those  obtained  on  the  as-received  material  (T8  condition) .  On  the  contrary, 
following  the  overaging  heat  treatment  (D) ,  a  strong  modification  in  the  material 
behaviour  is  induced  and  this  point  will  be  returned  to  later. 

Fig.  5  shows  the  results  of  fatigue  tests  carried  out  on  notched  specimens,  made 
from  1.6  mm  sheet  material  and  from  plate  12.0  mm  thick.  The  material  is  the  same  as 
that  used  for  the  unnotched  specimens  in  fig.  2.  Stresses  are  referred  to  gross  area. 
The  results  are  well  grouped,  independently  of  thickness  and  the  principal  grain 
direction.  Comparison  with  data  in  the  literature  concerning  the  2024-T3  alloy  (Kt=3.4, 
gross  area)  shows  lower  fatigue  strength,  even  for  notched  specimens;  in  this  case,  too, 
the  reduction  in  stress  for  equal  life  is  about  20%. 

8090  Alloy 

The  average  chemical  composition  of  this  alloy  is  given  in  Table  I.  Litium  is  the 
first  alloying  element  with  a  weight  percentage  of  about  2. 3-2. 6%,  thus  resulting  in  an 
average  density  of  about  2.54  gr/cc.  Only  one  manufacturer  supplied  batches  of  material; 
two  thicknesses  were  available:  1.6  mm  and  3.0  ram.  The  heat  treatment  was  T6,  but  for 
1.6  mm  sheet  a  small  quantity  of  the  T651  condition  was  also  available,  from  which  only 
unnotched  L  specimens  were  obtained.  The  results  are  shown  in  fig.  6.  A  certain  amount 
of  contradictory  behaviour  is  observed:  smaller  gauge  did  not  show  higher  fatigue 
strength,  as  on  the  contrary  it  is  expected,  as  well  as  L  specimens  did.  The  behaviour 
of  the  T651  sheet  specimens  was  consistent  with  the  T6  material,  but  the  points  fall 
mainly  in  the  lower  part  of  the  scatter  band. 

Anyway,  for  this  material,  too,  the  comparison  with  the  handbook  properties  of 
traditional  alloys  is  unfavourable,  to  the  usual  extent  of  about  20%  in  stress. 

Notched  specimens  were  not  prepared  due  to  the  small  quantity  of  material  available. 

2090  Alloy 

This  is  a  rather  different  alloy  from  the  previous  ones:  it  is  aimed  at  achieving 
high  strength  characteristics.  The  tested  material  was  in  the  T8E41  condition,  which  is 
the  temper  that  most  closely  approximates  the  overall  properties  of  7075-T6.  Three 
thicknesses  were  available:  1.6  mm,  3.3  mm  and  12  mm,  from  a  single  manufacturer.  Plain 
specimens  were  built  with  this  alloy,  in  the  L  and  LT  directions,  with  the  exception  of 
the  LT  direction  for  the  1.6  mm  material.  The  results  are  shown  in  fig.  7,  compared  with 
7075-T6.  In  this  case,  too,  the  fatigue  strength  of  the  Al-Li  alloy  is  lower  than  that 
of  the  traditional  alloy,  but  to  a  considerably  lesser  extent  than  the  other  alloys. 
Taking  into  account  the  fact  that  the  effective  stress  concentration  factor  of  plain 
specimens  is  1.07,  it  may  be  stated  that  the  aim  of  obtaining  the  same  fatigue 
properties  as  in  the  case  of  7Q75-T6  has  been  achieved.  It  should  be  noted  that  the 
results  look  homogeneous,  irrespective  of  the  lamination  direction  and  of  the  thickness. 
The  only  observation  that  needs  to  be  made  concerns  the  particularly  poor  fatigue 
strength  of  the  L  specimens  3.3  mm  thick  which,  however,  may  be  ascribed  to  surface 
defects,  in  the  form  of  small  pitting. 

Fatigue  tests  were  carried  out  also  on  overaged  material,  from  the  plate  and  the 
sheet,  subjected  to  different  treatments  (10  hours  and  100  hours  at  125°C) .  The  results, 
presented  in  /5/,  do  not  show  a  particular  change  in  fatigue  behaviour. 

Notched  specimens  were  prepared  from  the  plate  and  from  1.6  mm  sheet.  Comparison  with 
data  in  the  literature  concerning  7075-T6,  available  for  Kt«=3.4,  shows  a  quite  similar 
fatigue  strength,  fig.  8.  Curiously  enough,  the  LT  direction  produced  better  results 
than  the  L  direction.  Anyway,  it  can  be  concluded  that  the  fatigue  properties  of  2090- 
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T8E41  do  not  seem  to  be  inferior  to  those  of  the  alloy  to  be  substituted  (7075-T6) . 

4.  FRACTURE  MECHANICS  TESTS  RESULTS 

Determination  of  fatigue  crack  propagation  behaviour  and  fracture  toughness  is  very 
important  for  the  evaluation  of  a  new  material  for  aircraft  constructions,  because  these 
are  fundamental  properties  for  the  design  of  damage-tolerant  structures.  Therefore, 
fatigue  crack  propagation  tests  were  planned,  both  under  CA  loading  and  under  flight-by¬ 
flight  spectrum,  using  the  FALSTAFF  standard  sequence.  Center  cracked  tension  (CCT) 
specimens  were  used  for  these  tests.  According  to  the  material  available,  two  kinds  of 
specimen  geometries  were  used:  the  first  one  was  120  mm  wide  and  the  second  one  400  mm. 
This  last  specimen  was  used  for  the  fracture  toughness  tests.  The  notch  at  the  center  of 
the  specimen  was  made  by  means  of  a  jeweller's  saw  and,  after  precracking,  the  initial 
crack  length  was,  on  the  average,  6  mm.  No  particular  attention  was  paid,  due  to  the 
preliminary  character  of  the  test  program,  to  the  investigation  of  small  fatigue  crack 
behaviour  and  threshold.  The  test  results  were  analysed  by  means  of  standard  programs 
developed  by  the  Department  of  Aerospace  Engineering  and  based  on  the  use  of  spline 
functions  for  the  numerical  determination  of  the  crack  growth  rate. 

4.1  -  Crack  propagation  results 

2091  Alloy 

CA  tests  were  carried  out  on  2091-T8  material,  available  from  one  manufacturer  in  two 
thicknesses:  3.0  mm  and  1.6  mm. 

The  first  material  was  evaluated,  using  120  mm  wide  CCT  specimens.  Ten  specimens  were 
tested  by  applying  the  load  in  the  L  direction,  at  different  stress  ratios  (Smin/Smax) , 
<R=  -0.2,  0.,  .2  and  .3)  a.'.d  six  specimens  were  tested  in  the  LT  direction  (R=  -0.2,  0. 

and  0.4).  Some  of  the  results  of  the  L  specimens  are  summarized  in  a  da/dn-  *.K  plot  in 
fig.  9  and  those  of  the  LT  specimens  in  Fig.  10.  In  both  figures,  a  comparison  with  some 
typical  results  of  2024-T3  Alclad,  from  /6/,  is  also  shown;  these  last  results  are 
relevant  to  a  thinner  material  (1.00  mm).  The  comparison  shows  that  crack  propagation 
properties  of  2091  are  comparable  to  those  of  the  best  aeronautical  alloys,  at  least  in 
the  range  of  high  AK  values.  Besides,  the  characteristics  in  the  LT  direction  seem  even 
slightly  better  than  in  the  L  direction. 

Only  three  specimens  of  2091-T8,  supplied  by  the  same  manufacturer,  were  available 
for  the  1.6  mm  thickness;  they  were  400  mm  wide  and  all  in  the  L  direction.  They  were 
tested  under  CA  loading,  with  R  values  of  0.1  and  -0.2  (fig.  11).  Comparison  with  the 

same  nominal  material,  3.0  mm  thick,  shows  much  better  behaviour,  specially  at 

intermediate  AK  values. 

The  same  batch  of  material  used  for  a  lot  of  unnotched  specimens,  (i.e.  2091-T8X, 

1.6mm,  see  fig.  3)  was  utilized  for  preparing  400  mm  wide  CCT  specimens,  which  were 

tested  under  CA  loading,  in  the  L  direction.  The  results  are  plotted  in  fig.  12,  which 
shows  substantial  improvements  in  performance,  specially  at  positive  stress  ratios. 

Sometimes,  engineering  materials  exhibit  a  crack  propagation  resistance  under 
spectrum  loading  which  is  completely  different  from  the  CA  case;  therefore,  crack 
propagation  tests  were  also  carried  out  using  the  FALSTAFF  sequence.  The  tests  were 
carried  out  on  specimens  of  2091-T8,  3  mm  thick  and  120  mm  wide  (same  batch  as  the  one 

of  CA  tests,  figs.  9-10);  two  values  of  maximum  stress  in  the  spectrum  were  used:  196 
MPa  and  235  MPa.  The  test  results,  which  are  partly  shown  in  fig.  13,  were  analysed  in 
terms  of  da/df  versus  Kmax.  Comparison  with  results  obtained  on  2024-T3  Alclad  in 
research  carried  out  at  the  Pisa  Department  of  Aerospace  Engineering,  / 7 / ,  shows  quite 
similar  behaviour,  i.e.  it  confirms  the  conclusions  that  had  been  drawn  on  the  basis  of 
CA  tests.  In  both  cases,  L  specimens  were  used. 

8090  Alloy 

This  alloy  was  supplied  by  the  manufacturer  in  two  thicknesses,  1.6  mm  and  3.0  mm; 
they  were  both  in  the  T6  condition.  Crack  propagation  tests  under  CA  loading  were 
carried  out  on  400  mm  wide  CCT  specimens,  in  the  L  direction.  Due  to  the  limited  amount 
'■‘f  material  available,  only  three  tests  were  performed.  The  data  obtained  are  relevant 
to  the  intermediate-high  AK  range  and  are  shown  in  fig.  14.  A  slight  influence  of 
thickness  on  the  crack  propagation  rate,  consistent  with  the  expected  trend,  can  be 
noted.  Bearing  in  mind  that  heat  treatment  T6  is  not  specifically  designed  for  damage 
tolerance,  the  results  show  interesting  characteristics  of  8090-T6,  in  no  way  inferior 
to  those  of  the  traditional  2024-T3. 

2090  Alloy 

This  material  was  supplied  by  the  manufacturer  in  the  T8E41  condition.  Seven 
specimens,  1.6  mm  thick  and  400  mm  wide,  were  tested  under  CA  loading  with  the  load 
applied  in  the  L  direction  and  four  in  the  LT  direction.  The  results  of  the  first  group 
of  specimens  are  shown  in  fig.  15,  together  with  reference  data  obtained  at  the  Pisa 
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Department  of  Aerospace  Engineering  on  7075-T6  Alclad,  1.0  mm  thick,  R*0.06,  / 8/ .  A 
considerable  improvement  in  crack  resistance  can  be  noted.  The  results  relevant  to  LT 
specimens  are  shown  in  fig.  16,  compared  with  similar  data  obtained  from  7075-T6  Alclad, 
1.27  mm  thick,  R*0.06,  / 8 / - 


4.2  -  Fracture  toughness 


For  those  materials,  for  which  sufficiently  wide  specimens  (i.e.  400  mm)  were 
available,  fracture  toughness  was  evaluated  at  the  end  of  fatigue  crack  propagation.  The 
following  average  values  of  Kc  were  obtained: 


2091-Tfl,  L,  t=l. 6  mm: 
2091-T8X,  L,  t*l . 6  mm: 
8090-T6,  L,  t*l . 6 ,  3  mm: 
2090-T8E41,  L,  t-1.6  mm: 
2090-T8E41,  LT,  t»1.6  mm: 
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These  results  are  quite  interesting,  compared  with  the  following  values,  obtained  in 
tests  carried  out  at  the  Pisa  Department  of  Aerospace  Engineering,  / 9 / ,  on  traditional 
alloys : 

2024-T3  Alclad,  L,  t*1.27  mm:  - >  Kc  *  98  MPa*sqrt(m) 

7075-T6  Alclad,  L,  t«1.27  mm:  - >  Kc  *  71 

7075-T6  Alclad,  LT,  t*1.27  nun:  - >  Kc  *  60 

The  damage-tolerant  alloy  2091  shows  a  high  toughness,  i.e.  considerable  capability 

to  carry  loads  in  the  presence  of  defects.  The  value  obtained,  specially  for  the  T8X 
condition,  must  be  considered  as  a  lower  limit  of  the  actual  characteristics,  because 
the  width  of  400  mm  of  the  panels  proved  to  be  inadequate  for  this  material,  according 
to  the  Feddersen  theory,  /10/. 

On  the  contrary,  the  value  obtained  for  2090-T8E41  is  very  low  and  anyway  much  less 
than  the  comparison  material,  7075-T6. 


5.  OPTICAL  AND  ELECTRON  MICROSCOPY 


Microstructural  observations  were  carried  out  on  most  materials  here  presented,  by 
using  both  optical  and  electron  (SEM,  TEM)  microscopy.  In  the  following,  a  brief 
description  of  the  main  results,  obtained  by  electron  microscopy,  is  summarized. 

2091  Alloy 

The  2091-T8  alloy  exhibited  an  essentially  recrystallized  structure,  although  a  band 
of  unrecrystallized  grains  was  observed  at  the  central  region  of  the  sheet,  fig.  17.  The 
only  age-hardening  product  detected  by  TEM  was  the  6'  cubic  phase  (ordered,  cubic 
orientation  with  respect  to  the  matrix)  with  spherical  precipitates  of  reduced 
dimensions,  as  shown  in  fig.  18.  Moreover,  the  grain  boundaries  were  practically  free  of 
precipitates,  whilst  many  Fe-containing  intermetallics  were  present  within  grains,  as  a 
probable  consequence  of  recrystallization,  fig.  17.  Finally,  a  high  density  of  helical 
and  loop  dislocations  (these  last  mainly  around  B'-particles)  was  evident  as  well  as  the 
presence  of  many  unit  dislocation  pairs,  fig.  19.  These  observations  confirm  the 
structural  underaging  related  to  the  processing  conditions  (stretching  followed  by 
artificial  ageing,  12  hours  at  135°C). 

Some  preliminary  studies  were  carried  out  on  TEM  samples  extracted  from  regions  very 
close  to  the  tips  of  fatigue-propagated  cracks,  where  large  plastic  deformations 
presumably  took  place.  Fig.  20  shows  the  typical  dislocation  arrangement  inside  the 
matrix  and  it  is  worth  noting  that  the  plastic  deformation  is  uniformly  distributed 
within  the  grain  with  no  evidence  of  localized  slip  bands. 

Some  overaging  heat  treatments  were  imposed  to  the  as-received  2091 -T8  alloy  and 
extensive  fractographic  studies  (SEM)  were  carried  out  on  fatigue  failed  samples.  The 
following  denomination  will  be  used  to  indicate  different  material  conditions: 

A:  T8 ;  B:  T8  +  100  hrs  at  135 ®C?  C:  T8  +  200  hrs  at  135 °C;  D:  T8  +  100  hrs  at  190 °C. 

Fatigue  failed  regions  exhibited  some  general  features  which  were  common  to  all 
investigated  samples.  In  fact,  in  all  samples  this  region  consisted  of  areas  with 
typical  fatigue  growth  lines  (fig.  21)  mixed  with  plane  areas  characterized  by  the 
presence  of  marked  slip  lines,  fig.  22.  Many  secondary  cracks  were  frequently  observed 
in  this  region  of  the  samples.  Moreover,  ductile  dimples  formed  in  correspondence  to 
intermetallic  inclusions  and  X-ray  microanalysis  measurements  (WDX)  revealed  that  most 
of  them  were  Fe-rich,  although  they  were  frequently  coupled  with  Cu-containing 
particles.  However,  some  differentiations  were  observed  as  far  as  fatigue  striations  are 
concerned,  since  their  morphology  changed  from  a  ductile  to  a  brittle  appearence  going 
from  type  A  to  type  D  samples  and  fo*.  this  last  set  of  specimens  many  intergranular 
fractures  were  in  addition  observed,  fig.  23. 

On  the  contrary,  different  heat  treatment  conditions  induced  marked  dif ferentiations 


on  the  mechanism  of  static  fracture  of  samples.  In  fact,  type  A  samples  exhibited  an 
essentially  transgranular  static  fracture  with  a  high  density  of  microdimples  (fig.  24) 
and  only  rare  presence  of  flat  fracture  facets.  Moreover,  in  type  A  samples,  serrated 
slip  lines  have  been  observed  laying  on  many  slip  systems.  The  fracture  mechanism  in 
type  B  samples  (following  100  hours  at  135 °C)  was  essentially  the  same,  although  with 
deeper  microdimples  (fig.  25)  and  sharper  slip  lines  (fig.  26).  Following  200  hours  at 
135  °C  (type  C  samples) ,  the  static  fracture  mechanism  becomes  gradually  intergranular 
with  a  high  density  of  fracture  flat  facets  (fig.  27),  although  many  slip  lines  are 
still  present,  fig.  28.  The  static  fracture  becomes  completely  intergranular  in  type  D 
samples,  fig.  29.  It  is  interesting  to  point  out  that  the  high  density  of  gb 
precipitates  was  not  associated,  at  least  on  the  planes  perpendicular  to  the  load,  with 
microdimples  formation,  fig.  30. 

The  strong  variation  in  the  observed  static  fracture  was  also  evident  by  means  of 
optical  examinations:  the  fracture  surface  of  type  D  samples  was  macroscopically 
perpendicular  to  the  load  direction,  whilst  in  all  the  other  ageing  conditions  the 
fracture  surface  was  inclined  about  45°  vs.  the  load  direction. 

Similar  fractographic  observations  have  been  made  also  on  samples  of  2091-T8X  alloy 
of  the  same  batch  of  material  whose  fatigue  test  results  are  shown  in  fig.  3.  The 
fatigue  failed  region  was  characterized  by  a  transgranular  fracture  with  presence  of 
ductile  fatigue  striations  and  formation  of  dimples  originated  by  intermetallic 
inclusions  (see  fig.  31) .  The  static  fracture  was  transgranular  and  similar  to  that  one 
previously  described  for  2091-T8  alloy,  although  an  enhanced  ductility  can  be  associated 
with  a  greater  density  of  tearing  dimples  and  serrated  slip  lines,  fig.  32. 

2090  Alloy 

Structural  (TEM)  and  fractographic  (SEM)  observations  for  2090-T8E41  alloy  have  been 
already  reported  in  /5/  and  only  a  brief  summary  will  be  reported  here.  The  age¬ 
hardening  precipitates  consisted  of  spherical  6*  (AljLi)  and  plate-like  T2'  ( 9' ) ,  T1 
(A1 2CuLi) .  Moreover,  gb  precipitates  of  reduced  dimensions  were  observed  with  a 
practical  absence  of  pfz  formation  at  grain  boundaries.  The  fractographic  analysis  of 
fatigue  failed  regions  showed  areas  with  ductile  striations  mixed  with  areas  of  rapid 
crack  propagation.  The  region  of  static  fracture  consisted  of  surfaces  exposed  along 
both  the  orthogonal  and  parallel  directions  with  respect  to  the  load.  Along  these 
directions,  the  fracture  was  transgranular  or  intergranular  (in  this  last  case  with  a 
high  density  of  ductile  microdimples) ,  respectively. 

6.  CORROSION  PROPERTIES 

D.A.S.R.S.  cooperated  in  the  research  programme  coordinated  by  the  Italian  C.N.R., 
studying  the  corrosion  behaviour  of  Al-Li  alloys.  The  whole  programme,  planned  by 
D.A.S.R.S.,  has  been  articulated  in  four  phases: 

(a)  evaluation  of  the  influence  of  surface  finishing  on  the  electrochemical  behaviour  of 
materials? 

(b)  evaluation  of  the  materials  behaviour  in  relation  to  pH,  02,  Cl-? 

(c)  resistance  of  materials  against  particular  corrosion  kinds  (SCC,  galvanic,  EXCO) ; 

(d)  exposure  of  Al-Li  alloys  to  standard  corrosive  environments. 

The  progr^ta  is  still  in  progress;  only  the  results  of  the  first  phase  will  be 
presented.  The  following  Al-Li  alloys  have  been  investigated:  2091-T8,  2091-T8X,  2090- 
T8E41  and  8090-T651,  and,  for  comparison,  also  2024-T3  and  7075-T6  reference  alloys.  The 
thickness  was  1.6  m m  for  all  the  materials,  which  belonged  to  the  same  batches  whose 
fatigue  test  results  have  been  discussed  in  paragraph  3. 

The  different  kinds  of  surface  finishing  assessed  in  this  research  are: 

-  surface  roughness  (emery  papers  or  abrasive  pastes  with  different  average  dimension  of 
particles  were  used  for  polishing  the  samples) ; 

-  passivation  condition  in  air  (different  time  periods  elapsed  from  final  polishing  to 
exposure  to  test  solution) . 

These  different  surface  finishing  did  not  have  a  strong  influence  on  the  value  of 
free  corrosion  potential,  measured  according  to  ASTM  G  69  method.  Table  II  summarizes 
the  average  results  obtained  and  the  examination  of  these  data  suggests  the  following 
corrosion  rating: 

2024-T3  <  2091-T8X  <  2091-T8  <  2090-T8E41  <  7075-T6  <  8090-T651. 

Potential  measurements  have  been  carried  out  not  only  on  the  sample  external  surface 
but  also  on  internal  planes  which  were  obtained  by  repeated  grinding  of  layers  of  0.1  mm 
in  thickness.  In  the  case  of  2091-T8  alloy,  the  free  corrosion  potentials  shown  in  table 
III  were  obtained.  All  the  other  alloys  did  not  show  such  variation  through  the 
tickness.  A  possible  explanation  of  the  behaviour  of  2091-T8  can  be  ascribed  to  the 
different  kinds  and  concentration  of  precipitates  between  surface  and  core  of  the 
material;  this  hypothesis  has  not  yet  been  verified  in  this  research  program. 
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The  Li  weight  percent  content  of  the  samples  has  been  measured  and  correlated  with 
average  corrosion  potential,  as  shown  in  table  IV.  Fig.  33  shows  a  plot  of  the  data  in 
the  table  and  suggests  the  existence  of  an  almost  linear  relationship  between  Li  percent 
weight  content  and  Ecorr. 

Some  measurements  have  been  carried  out  also  in  Na2S04  0.1  M  solution  (O2  or  N2 
satured)  which,  compared  with  the  ASTM  G  69  method,  provides  results  that  are  more 
sensitive  to  the  sample  surface  condition.  The  results  obtained  are  affected  by  a  large 
scatter  but  show  that  roughness  has  a  stronger  influence  in  the  alloy  behaviour  than 
the  presence  of  O2  in  the  solution.  A  better  surface  finishing  is,  as  expected, 
associated  with  an  easier  passivation.  It  is  interesting  to  point  out  that  2090  and  8090 
alloys  show  a  larger  scatter  than  the  other  Al-Li  alloys,  which  can  be  explained  by 
their  higher  reactivity  shown  before. 

Some  tests  of  phase  (c)  of  the  D.A.S.R.S.  research  programme  have  already  been 
carried  out,  namely  EXCO  test  (ASTM  G  34-79) .  The  preliminary  evaluation  of  the  results 
obtained  so  far  shows  a  good  agreement  with  the  corrosion  rating  previously  presented. 


7.  CONCLUSIONS 

Many  results  concerning  fatigue  and  Fracture  Mechanics  characterization  of  available 
Al-Li  alloys  have  been  presented  and  discussed?  they  must  still  be  considered  as 
preliminary,  because  these  materials  are  still  in  the  final  stage  of  development. 
Besides,  it  must  be  pointed  out  the  presence  of  intermetallic  inclusions  which  appear  in 
appreciable  quantity,  mainly  in  2091,  though  inferior  to  what  is  commonly  found  in 
commercially  available  2024.  2090  alloy  is  the  nearest  to  being  commercially  available 
on  an  industrial  basis.  From  these  results,  the  following  conclusions  can  be  drawn: 

(a)  fatigue  behaviour  does  not  yet  seem  to  be  adequate,  compared  with  data  from  MIL- 
HDBK-5D.  Anyway,  2090  substantially  equals  the  fatigue  performance  of  the  substitution 
alloy,  while  for  2091  and  8090  lower  stresses  are  required  for  equal  life. 

(b)  the  crack-propagation  characteristics  seem  excellent:  all  three  alloys  prove  to  be  a 
substantial  improvement  on  the  traditional  alloys. 

(c)  fracture  toughness  is  adequate  for  the  2091  alloy  while  further  work  is  necessary 
for  8090  and  even  more  for  2090. 

(d)  SEM  fractography  shows  that  2091-T8  exhibites  adequate  characteristics  of  ductile 
behaviour,  which  are  not  negatively  affected  by  further  permanence  at  135°C  for  100 
hours;  this  treatment,  on  the  contrary,  brings  to  some  improvements  in  fatigue  and 
static  strength. 

(e)  preliminary  assessment  of  corrosion  behaviour  shows  intermediate  properties  between 
2024  and  7075. 

Al-Li  alloys  possess  also  other  mechanical  properties  which  make  them  very  attractive 
for  aerospace  applications:  the  static  strength  is  comparable  to  that  of  traditional 
alloys  while  the  elastic  modulus  is  about  8-10%  higher.  Besides,  traditional  anti¬ 
corrosion  surface  finishes  can  be  applied  with  satisfactory  results,  / 1 1 /  -  An  example 
of  application  of  the  data  obtained  so  far  in  the  research  programme  has  been  carried 
out  in  / 5 / ,  by  means  of  compliance  with  simplified  durability  and  damage  tolerance 
requirements.  The  results  show  that,  for  appropriate  structures,  whose  dimensions  depend 
on  compliance  with  damage- tolerance  requirements,  lighter  solutions  can  be  obtained. 

All  these  features  seem  to  lead  to  the  conclusion  that  application  of  Al-Li  alloys  in 
aeronautical  programs  will  soon  take  place,  but  some  open  questions  still  exist.  From 
one  side,  military  aircraft  industry  is  much  more  interested  in  large  thickness 
components,  typically  forgings,  while,  at  the  current  level  of  development,  only  small 
gauge  materials,  i.e.  sheets,  show  satisfactory  characteristics.  On  the  other  side, 
commercial  aircraft  industry  claim  that  the  current  high  cost  of  Al-Li  alloys  (about 
three  times  the  price  of  conventional  alloys)  together  with  a  low  fuel  price  drastically 
reduces  their  cost  effectiveness,  because  Direct  Operative  Costs,  the  appropriate 
parameter  for  assessing  a  material  with  a  view  to  application  in  commercial  aircraft 
structures,  do  not  reduce  appreciably.  Besides,  production  costs  will  rise  due  to  the 
necessity  of  scraps  segregation  and  separate  processing.  Therefore,  it  is  very  difficult 
to  make  predictions  for  the  future,  but  the  general  feeling  is  that  Al-Li  alloys  will 
find  wide  application,  even  if  not  in  short  term  programs. 
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Alloy 

Li 

Cu 

Mq 

Zr 

Zn 

Ti 

Hn 

Cr 

Fe 

Si 

A1 

2091 

1.7-2. 3 

1.8-2. 5 

1.1-1. 9 

.04-. 16 

.25 

.10 

.10 

.10 

.30 

.20 

rem. 

8090 

2. 3-2. 6 

1.0-1. 4 

.5-0.9 

.10-. 14 

.25 

.10 

.10 

.10 

.30 

.20 

rem. 

2090 

1.9-2. 6 

2. 4-3.0 

.25 

.08-. 16 

.10 

.15 

.05 

.05 

.12 

.08 

rem. 

Table  I  -  Nominal  chemical  composition  of  the  Al-Li  alloys  evaluated  in  the  program. 


A1  alloy  Ecorr  (average) 


2091-T8 

-749.0 

±  4.0 

mV/SCE 

2091-T8X 

-738.0 

±  1.5 

mV/SCE 

2090-T8E41 

-798.0 

±  8.6 

mV/SCE 

8090-T651 

-817.7 

±  4.4 

mV/ SCE 

2024-T3 

-675.2 

±14.3 

mV/SCE 

7075-T6 

-799.0 

±20.0 

mV/SCE 

Table  I’  -  Average  free  corrosion  potential  measurements. 


sample 

thickness 

Ecorr 

1.6 

mm  (*) 

-743  mV/SCE 

1.5 

mm 

-745  mV/SCE 

1.4 

mm 

-755  mV/SCE 

1.3 

mm 

-770  mV/SCE 

1.2 

mm 

-790  mV/SCE 

(*)  as-received  sample 


Table  III  -  Through  the  thickness  variation  of  free  corrosion  potential  in  2091-T8. 


Alloy 

2091-T8 

2091-T8X 

2090-T8E41 

8090-T651 

%  Li 

1.68 

1.77 

1.89 

2.23 

Ecorr 

(mV/SCE) 

-738.0 

-749.0 

-798.0 

-81?'.  7 

Table  IV  -  Measured  Li  content  and  free  corrosion  potential 
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Fig.  1  -  Unnotched  specimen  geometry. 


Fig.  2  -  Fatigue  test 
results  of  unnotched  spec¬ 
imens  made  of  2091  alloy. 


Fig.  3  -  Fatigue  test 
results  of  unnotched 
specimens  made  of  2091 
alloy:  comparison  of  two 
different  producers. 


o 

1 


Smax  (MPa) 


d*/dn  (mm/cycla) 
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Fig.  13  -  Results  of  crack 
propagation  tests  under  FALSTA 
sequence  (Smax=235  MPa) ,  2091- 
L/T,  t=3 . 0  mm. 


Fig.  14  -  Constant  amplitude 
crack  propagation  results, 
8090-T6,  L/T,  R=0.1 


Fig.  15  -  Constant  amplitude 
crack  propagation  results, 
2090-T8E41,  L/T,  t=1.6  mm. 


10 


da/dn  (mm/cycte) 


Fig.  22  -  Type  A  sample.  Representative 
view  at  intermediate  magnification  of 
fatigue  failed  region.  Massive  presence  of 
slip  lines  with  examples  of  secondary  cracks 


Fig.  21  -  Type  A  sample.  Particular  of 
fatigue  growth  lines.  Fatigue  crack  pro¬ 
pagation  is  from  left  to  right. 


I  l-p 


Fig.  23  -  Type  D  sample.  Fatigue  failed 
region:  intergranular  fracture  facets 
with  secondary  cracks. 


Fig.  24  -  Type  A  sample.  Static  propagation 
region:  transgranular  fracture  mode  with  a 
marked  presence  of  microdimples. 


Fig.  25  -  Type  B  sample  in  static  pro¬ 
pagation  region.  Fracture  mechanism  is 
similar  to  type  A  sample;  more  marked 
microdimples . 


Fig.  26  -  Sharp  slip  lines  in  static  propa¬ 
gation  region  of  type  B  sample. 


Fig.  27  -  Type  C  sample.  Fracture  mecha-  Fig.  28  -  Type  C  sample.  Slip  lines  on  a 
nism  becomes  gradually  intergranular.  grain  boundary. 

Microdimples  are  still  present  on  fractured 
facets. 


FATIGUE  AMD  FRACTURE  BEHAVIOUR  OF  A  PM  AL-LI  ALLOY 

by 


Rainer  Schafer  and 

IABG 

EinsteinstraBe  20 
D  -  8012  Ottobrunn 


Brigitte  Weiss 
Universitat  Wien 
Wahringer  StraBe  42 

A  -  1090  Wien 


SUMMARY 

The  fatigue  life,  fatigue  crack  growth  behaviour  and  fracture  toughness  properties  of  the  experimental 
mechanically  alloyed  Al-Mg-Li  alloy  Al  905  XL  were  investigated.  This  material  has  been  developed, 
above  all,  for  being  fabricated  into  structural  components  by  forging. 

HCF  as  well  as  LCF  data  were  determined  at  room  temperature  and  elevated  temperature  (180°C).  Crack 
growth  rates  have  been  measured  including  near  threshold  behaviour. 

The  mean  values  of  fatigue  life  at  room  temperature  have  been  found  to  be  slightly  better  than  the 
values  of  conventional  high  strength  aluminium  alloys.  Internal  defects,  however,  like  inclusions  or 
pores,  may  reduce  fatigue  life  considerably.  At  180°c  fatigue  strength  decreased  to  approximately  60% 
of  room  temperature  values.  Crack  propagation  was  noticeably  faster  in  Al  905  XL  than  in  conventional 
ingot  alloy  7075,  for  example.  Fracture  toughness  tests  finally  resulted  in  rather  low  K.  -values  compa¬ 
red  to  conventional  Al  alloys. 


1  INTRODUCTION 

Basic  problems  in  aluminium-lithium  production  techniques  are  up  to  now  to  achieve  sufficient  ductility 
and  fracture  toughness  as  well  as  to  realize  a  fairly  good  homogeneity  of  structure  and  mechanical 
properties.  Powder  metallurgy  and,  in  particular,  mechanical  alloying  is  expected  to  represent  a  promi¬ 
sing  technique  for  solving  a  part  of  these  problems.  The  mechanical  alloying  technique  supplies  an 
extremely  fine  grained  homogeneous  structure  with  a  large  fraction  of  dispersoids  which  in  combination 
results  in  good  strength  and  may  improve  ductility  / 1,2/. 

One  attractive  alloy  system  is  Al-Mg-Li  with  additional  content  of  carbon  and  oxygen.  The  material 
investigated  here  is  an  experimental  alloy  named  Al  905  XL.  The  alloy  contains  1.5%  lithium  which  low 
level  is  chosen  to  avoid  or  minimize  embrittling  precipitates  which  may  form  during  age  hardening  /3/. 

The  alloy  needs  not  to  be  heat-treated,  which  means,  that  problems  of  component  distortion  and  residual 
stresses  due  co  heat  treatment  are  avoided.  As  a  further  advantage  the  material  shows  uniform  properties 
even  throughout  thick  sections.  A  superior  resistance  to  general  corrosion  results  from  the  compositional 
uniformity  in  combination  with  the  fine-grain  structure  /3, 4, 5/ .  In  spite  of  the  low  lithium  content 
the  alloy  offers  a  density  advantage  of  8%  and  a  modulus  advantage  of  10%  compared  to  conventional 
aluminium  alloys. 

The  aim  of  the  investigations  described  in  the  following  was  to  evaluate  some  essential  mechanical 
properties  of  Al  905  XL,  in  particular,  to  describe  fatigue  and  fracture  mechanics  properties. 


2  MATERIAL 

The  alloy  Al  905  XL  represents  a  mechanically  alloyed  PM  aluminium  alloy  with  4%  magnesium  and  1.5% 
lithium.  The  chemical  composition  is  given  in  Table  1. 

The  first  sample  used  for  taking  specimens  was  an  extruded  rod,  175  mm  long,  with  a  diameter  cf  100  mm. 
As  the  material  needs  no  additional  heat  treatment  for  developing  properties  the  sample  was  used  as 
del ivered. 

Another  sample  was  a  sector  of  a  profile  rolled  ring  produced  during  a  forging  trial  programme.  The 
ring  was  manufactured  in  the  following  steps:  hydraulic  press  upsetting,  hammer  forging  in  dies,  press 
upsetting  and  further  hydraulic  press  upsetting  into  a  die  followed  by  ring  rolling  /4/.  Shape  and 
dimensions  of  the  rolled  ring  and  the  extruded  rod  as  well  are  shown  in  Figure  1,  some  basic  mechanical 
and  physical  properties  are  compiled  in  Table  2. 

The  microstructure  of  the  alloy  in  the  as-extruded  condition  was  characterized  by  light  microscope 
(LM),  transmission  electron  microscope  (TEM)  and  scanning  electron  microscope  (SEM)  techniques  /4,6/. 
The  microstructure  consists  of  predominantly  uniform  fine  grains  (grain  size  about  0.3  pm)  but  also 
some  clusters  of  larger  grains  (up  to  2  pm)  have  been  detected.  The  microstructure  is  orientated  in 
longitudinal  direction,  following  the  extrusion  direction,  see  Figure  2.  A  large  number  of  fine  disper¬ 
soids  (less  than  400  nm)  could  be  revealed,  located  primarily  at  grain  boundaries  resembling  the  former 
particle  surfaces  /4/. 

Occasionally  small  clusters  of  sme  1  particles  could  be  observed  within  individual  grains.  Some  fine 
particles  could  be  identified  by  electron  diffraction  techniques  as  AI4C3,  some  larger  inclusions  (about 
0.5  pm)  as  alpha  or  gamma  Al 2O3 .  But  also  larger  inclusions  with  dimensions  up  to  30  pm  could  be  detected. 
Figures  3  and  4,  mostly  in  the  inner  areas  of  the  rod,  with  spherical  or  angular  shape.  By  microanalysis 
some  of  these  inclusions  could  be  identified  to  contain  Mg  and  Si,  above  all,  probably  in  form  of  oxides 
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or  carbides. 


3  EXPERIMENTAL  INVESTIGATIONS 

3.1  SAMPLING 

The  extruded  rod  and  the  section  of  profile  rolled  ring  were  cut  up  and  specimens  for  fatigue  and 
fracture  mechanics  tests  were  machined. 

For  constant  amplitude  high  cycle  fatigue  (HCF)  and  low  cycle  fatigue  (LCF)  tests  unnotched  round 
specimens  were  chosen.  The  specimens  from  the  extruded  rod  had  a  15  ran  long  gauge  section  with  4  ran 
diameter,  the  specimens  from  the  profile  rolled  ring  were  hour-glass  formed  with  2.5  ran  diameter. 
Most  of  the  specimens  were  taken  in  longitudinal  direction  (l)  corresponding  to  the  extrusion  direction 
and  to  the  axis  of  the  rolled  ring  respectively.  The  gauge  sections  of  all  fatigue  specimens  were 
mechanically  polished  in  the  longitudinal  direction  before  testing. 

For  evaluating  fracture  toughness  CT  specimens  according  to  ASTM-Standard  E-399  were  employed 
(16  ran  thick  from  the  extruded  rod,  12  ran  thick  from  the  rolled  ring).  For  fatigue  crack  growth  measure¬ 
ments  CT  specimens  according  to  ASTM  E-647,  4  mm  thick  and  32  ran  wide,  were  prepared,  for  measurements 
near  threshold  plate  shaped  specimens  with  a  cross-section  of  6  ran  x  16  mm  were  used.  Each  specimen 
was  mechanically  polished  in  the  mid-section.  Subsequently  a  lancel-shaped  surface  notch  (2  ran  long, 
0,5  ran  deep)  was  introduced  by  EDM  to  initiate  growth  of  a  semi-elliptical  fatigue  crack. 

3.2  EXPERIMENTAL  PROCEDURES 


The  load  controlled  HCF  tests  were  carried  out  in  an  electromagnetic  resonance  testing  machine  with 
a  test  frequency  of  about  120  Hz  at  stress  ratios  of  R  *  *1  and  R  =  0  at  room  temperature  (R.T.)  and 
180°C  as  well.  For  additional  tests  with  numbers  of  load  cycles  up  to  109  an  ultra-high  frequency 
resonance  testing  system,  operated  at  20  kHz,  was  employed.  Failure  criterion  was  complete  fracture 
of  the  specimens. 


The  strain  controlled  LCF  tests  were  carried  out  in  a  mechanically  loaded  testing  machine  with  a  testing 
frequency  of  about  0.1  to  0.2  Hz  (strain  rate  3*<>per  second)  at  a  strain  ratio  of  R  =  -1  at  room  tempe¬ 
rature  and  180°C  as  well.  Failure  criterion  was  crack  initiation  announced  by  the  beginning  of  the 
decrease  of  tension  load  and  the  beginning  of  buckling  of  the  stress-strain  hysteresis  loop. 

Fracture  toughness  tests  have  been  carried  out  according  to  ASTM  E-399  at  room  temperature. 


For  the  determination  of  fatigue  crack  growth  behaviour  a  servohydraulic  testing  machine,  operated 
at  test  frequencies  between  10  and  50  Hz,  was  used.  Tests  were  carried  out  in  laboratory  air  at  room 
temperature  with  stress  ratios  of  R  *  0.1  and  R  =  0.5. 

Fatigue  crack  growth  data  and  threshold  data  (correspond^  to  da/dN  <  10 "12  m/cycle)  were  obtained 
according  to  the  pertinent  ASTM  recommendations  in  ASTM  E-647  and  E-740  respectively.  Crack  nucleation 
and  fatigue  crack  growth  were  observed  under  stroboscopic  illumination  with  the  aid  of  a  long  focal  - 
length  microscope  with  a  resolution  of  approximately  50  pm.  Crack  growth  in  region  II  (Paris  region) 
was  measured  by  a  PD  (potential  drop)  method  with  special  crack  gauges.  All  specimens  were  L-T  orientated 

Crack  closure  effects  were  determined  by  a  strain  gauge  method  /7/  in  which  a  miniature  gauge 
0.6  mm  x  0.6  ran  active  area)  is  centered  over  the  tip  of  the  fatigue  crack  in  the  unloaded  specimen 
(the  penetration  of  adhesive  into  the  crack  can  be  prevented  by  vapor-depositing  a  narrow  strip  of 
carbon  along  the  surface  trace  of  the  crack).  Monotonic  load-displacement  curves  were  recorded  under 
increasing  tensile  loading  after  completion  of  the  threshold  measurements.  The  closure  stress  (defined 
here  as  the  stress  of  first  contact  between  mating  areas  of  the  fracture  surface)  is  revealed  by  the 
point  of  deviation  from  linearity  of  the  elastic  unloading  compliance  curve. 


The  stress  intensity  of  semi-elliptical  surface  cracks  were  computed  according  to  Raju  and  Newman 
181 .  To  determine  the  shape  factor  of  the  semi-elliptical  surface  crack  (required  for  this  computation) 
all  specimens  were  ruptured  in  tension  after  the  measurements;  the  shape  of  the  fatigue  fracture  surface 
was  measured  on  fractographs.  The  effective  threshold  stress  intensity  value  was  computed  according 
to 


-  K 
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for  Knn  >  K, 
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3.3  RESULTS  AND  DISCUSSION 
3.3.1  FATIGUE  LIFE 

The  results  of  HCF-tests  up  to  I07  cycles  are  shown  in  Figures  5  and  6,  Figure  5  representing  the 

results  for  R  =  -1  and  Figure  6  those  for  R  =  0. 

There  is  a  considerable  effect  from  both  the  test  temperature  and  the  stress  ratio  on  fatigue  life. 
The  fatigue  limit  at  107  cycles  at  180°C  is  only  approximately  60X  of  that  at  room  temperature. 

Comparing  the  results  of  tests  on  specimens  from  the  extruded  rod  with  those  from  the  rolled  ring, 

no  significant  difference  can  be  recognized.  It  is,  according  to  this,  possible  to  forge  the  alloy 

without  changing  fatigue  properties.  The  results  from  some  spot  checks  with  transverse  specimens  from 

the  rolled  ring  agree  with  the  results  from  longitudinal  specimens  as  well,  in  consequence  of  the 

homogeneity  of  the  material. 

The  fatigue  life  up  to  109  cycles  at  R  =  -1  and  20  kHz  is  presented  in  Figure  7.  A  combination  of 

120  Hz  and  20  kHz  data  in  Figure  8  shows  reasonable  agreement,  revealing,  however,  that  fatigue  limit 


continues  to  decrease  even  beyond  107  cycles. 

Figure  9  demonstrates  that  A1  905  XL  provides  rather  good  fatigue  properties  at  R.T.,  compared  to 
Al  7075  T6»  for  example,  especially  at  high  numbers  of  cycles.  It  has  to  be  considered,  however,  that 

the  results  from  A1  905  XL  are  based  only  on  a  small  number  of  tests,  for  which  reason  the  scatter 

cannot  be  estimated.  8ut  it  is  supposed  that  a  special  effect  might  determine  the  "lower  boundary" 
of  the  scatter  band:  As  mentioned  above,  the  material  contained  several  inclusions,  see  Figures  3  and  4, 
which, if  situated  in  the  fatigue  stressed  area,  may  have  the  effect  of  a  sharp  notch  and  consequently 
will  reduce  fatigue  life. 

This  statement  is  supported  by  some  individual  test  results  marked  by  "I"  in  Figures  6,  7  and  9.  These 
results  represent  relative  low  fatigue  lives.  Fractographic  analysis  of  the  fracture  surfaces  of  these 
specimens  revealed  inclusions  at  the  crack  origin,  see  example  in  Flouts  10,  obviously  accelerating 

crack  initiation.  In  the  fracture  surfaces  of  some  specimens  the  fatigue  crack  even  was  observed  to 

start  from  inclusions  situated  far  away  from  the  specimen  surface  /6/. 

The  results  of  LCF  tests  are  given  in  Figure  11  in  the  form  of  a  diagram  where  the  total  strain  ampli¬ 
tudes  are  plotted  versus  the  number  of  cycles  to  crack  initiation.  These  results  show,  just  like  the 
results  of  HCF  tests,  the  detrimental  influence  of  elevated  temperature  on  the  fatigue  life  of  A1 

905  XL.  Another  mechanically  alloyed  PM  aluminium  alloy,  A1  9021  (without  lithium),  tested  for  compari¬ 

son,  is  less  sensitive  to  elevated  temperature,  see  Figure  11.  Similarly  here,  specimen  orientation 
has  no  significant  effect.  Any  runaways  like  those  on'ffCF  tests  due  to  inclusions  have  not  been  found. 

The  monotonic  and  cyclic  stress-strain  curves  in  Figure  12  confirm  the  decrease  of  sustainable  stress 
due  to  elevated  temperature,  but  also  present  a  near jy  neutral  stress  strain  behaviour,  that  means 

there  is  nearly  no  strain  softening  or  hardening  during  LCF  test.  In  addition,  the  LCF  tests  at  180°C 

revealed  a  special  characteristic  property  of  the  material:  increasing  strain  rate  at  180°C  increases 
alloy  yield  strength  and,  probably,  also  ultimate  strength.  To  demonstrate  this  effect,  the  stress-strain 
curve  from  tensile  tests  with  a  strain  rate  of  10“Vs  is  compared  in  Figure  12  to  the  monotonic  and 
cyclic  stress-strain  curves  from  LCF  tests  with  a  strain  rate  of  3.10*3/s.  Due  to  lack  of  test  material 
this  strain  rate  effect  could  not  be  studied  more  extensively.  Similar  observations,  however,  have 
been  made  with  tests  at  400°C  in  /3/. 

3.3.2  FRACTURE  TOUGHNESS  AND  CRACK  PROPAGATION  BEHAVIOUR 

Fracture  toughness  tests  on  three  specimens  in  L-T  orientation  and  one  specimen  in  c-R  orientation 
from  the  extruded  rod  resulted  in  Kjc  -values  of  13  to  14  MPa/m,  tests  on  two  specimens  from  the  rolled 
ring  resulted  in  11.5  MPa/m  (L-T  orientation)  and  16  MPa/m  (T-L  orientation). 

There  is  obviously  no  significant  influence  of  specimen  orientation  in  the  extruded  rod.  The  difference 
in  the  results  from  the  rolled  ring  must  also  be  regarded  as  not  significant,  since  only  one  specimen 
each  could  be  tested,  due  to  lack  of  material. 

The  fracture  toughness  represented  by  the  above  values  has  to  be  regarded  as  rather  low,  compared 
to  Al  9021  or  to  conventional  ingot  material  A1  7075,  see  Figure  13.  The  fracture  surfaces  of  the  CT 
specimens  from  Al  905  XL  consequently  appear  extremely  brittle  without  any  shear  lips. 

Higher  Kjc  -values,  reported  in  /9 /  from  tests  on  other  batches  of  Al  905  XL  may  point  to  problems 
of  maintaining  constant  material  properties  in  this  actual  state  of  development. 

The  results  of  crack  propagation  measurements  at  stress  ratios  of  R  =  0.1  and  0.5  at  R.T.  are  presented 
in  Figure  14,  where  crack  propagation  rates  are  plotted  versus  stress  intensity  ranges. 

The  influence  of  stress  ratio  on  crack  propagation  rate  is  evident,  becoming  even  more  distinctive 
following  increasing  stress  intensity  range. 

In  Figure  15  the  crack  propagation  rates  evaluated  for  Al  905  XL  are  compared  to  those  for  two  other 
mechanically  alloyed  PM  aluminium  alloys  and  for  conventional  ingot  alloy  Al  7075,  showing  that  crack 
propagation  is  noticeably  faster  in  Al  905  XL. 

Threshold  values  of  905  XL  were  found  to  be  virtually  independent  of  the  stress  ratio  R,  see  Figure  16. 
Since  measuring  the  crack  closure  behaviour  revealed  no  closure  effect,  the  £Kth -value  may  be  considered 
as  to  be  equal  to  AKtheff  ,  which  consequently  remains  also  independet  of  R. 

The  absence  of  a  closure  contribution  may  be  understood  on  the  basis  of  SEM  fractographs  of  the  fatigue 
fracture  surfaces  in  the  near-threshold  region:  the  fracture  surfaces  appear  extremely  flat,  only  a 
negligible  Increase  in  roughness  may  be  discerned  in  specimens  tested  at  R  >  0.  It  may  only  be  specula¬ 
ted  that  this  small  increase  in  roughness  is  the  result  of  some  plastic  deformation  ahead  of  the  crack 
tip,  causing  the  slight  increase  in  AKth  at  positive  R-values. 

The  combined  evaluation  of  the  experimentally  determined  fatigue  limit  and  effective  threshold  value 
in  form  of  a  Kitagawa-type  diagramme  / 10,11/  resulted  in  a  critical  oefect  size  for  surface  cracks 
about  80pm  crack  depth,  as  shown  in  Figure  17.  Following  this,  semi-elliptical  surface  cracks  of  smaller 
depth  appear  not  to  affect  the  plain  bar  fatigue  limit.  This  value  is,  in  the  order  of  magnitude, 
in  reasonable  agreement  with  observations  on  the  size  of  defects  (pores  or  inclusions)  which  acted 
as  nuclei  for  fatigue  cracks. 
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4  CONCLUSIONS 

The  mechanically  alloyed  experimental  PM  Al-Li  alloy  A1  905  XL  provides  good  tensile  strength  and 
fatigue  life  at  room  temperature,  but  only  moderate  values  at  elevated  temperature.  The  material, 
however,  can  be  fabricated  into  components  by  forging  without  loss  of  strength.  Ductility  and  fracture 
toughness  of  the  batches  investigated  here,  are  rather  low,  crack  propagation  rather  fast  compared 
to  conventional  ingot  high  strength  A1  alloys  or  to  other  mechanically  alloyed  PM  aluminium  alloys. 
There  are,  however,  some  signs  that  these  properties  could  be  Improved  in  other  batches  of  the  alloy, 
pointing  possibly  to  temporary  problems  of  maintaining  constant  quality  in  this  actual  state  of  material 
and  processing  development. 

Fatigue  life  appears  to  be  governed  bythesizoof  defects  and  inclusions.  A  further  Increase  of  fatigue 
strength  will  be  feasable  if  such  defects  can  be  avoided  by  improving  processing  methods. 
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Table  1:  Chemical  composition  of  A1  905  XL 


Element 

Mg 

Li 

C 

02 

Al 

Norn,  content, 
in  weight  % 

4,0 

1.5 

n 

0,8 

Bal. 

Table  2:  Basic  mechanical  and  physical  properties  of  A1  905  XL 


Product 

extruded 

rolled 

rod 

ring 

Specimen  orientation  2) 

L 

T 

C 

0,2  %  yield  strength 

R.T. 

480 

420 

465 

Rp  0,2  in  MPa 

180  °C 

2201' 

Tensile  strength 

R.T. 

545 

515 

555 

Rm  in  MPa 

180  °C 

235” 

Elongation 

R.T. 

5 

5 

6 

As  in  % 

180  °C 

50” 

Modulus 

R.T. 

78 

77 

81 

E  in  GPa 

180  °C 

65 

Density 

p  in  g/cm3 

2,57 

11  Strain  rate  10"4/s  .  Values  depend  on  strain  rate. 
For  example,  Rp02  increases  to  275  MPa  at  3,10 "3/ s . 

21  L :  longitudinal  ,  T:  transverse,  C-  circumferential 
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:  Results  of  HCF  tests  on  A1  905  XL.  Stress  ratio  R  =  -  1,  test  frequency  1Z0  Hz 
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Fiqure  6:  Results  of  HCF  tests  on  A1  905  XL.  Stress  ratio  R  =  0,  test  frequency  120  Hz. 
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Figure  7:  Results  of  HCF  tests  on  Al  905  XL.  Stress  ratio  R  «  -  1,  test  frequency  20  kHz. 
Specimens  from  extruded  rod 
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Figure  8:  Combined  results  of  HCF  tests  at  120  Hz  and  20  kHz,  cf  Figures  5  and  7 
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Fatigue  life  of  A1  905  XL  compared  to  A1  7075  T6  (values  for  7075  T6  from  /  12  /) 


Figure  10:  SEM  fractograph  from  a  fracture  surface 
with  an  inclusion  at  the  crack  origin 


isp.  Stress  Amplitude 


1 


12-12 


Figure  15:  Fatigue  crack  propagation  behaviour  of  AT  905  XL  compared  to 
PM  aluminium  alloys  A1  9021  and  A1  9052  (from  /  13  /)  and  to 
conventional  Ingot  alloy  A1  7075  (from  /  12  /  and  /  15  /). 
Stress  ratio  R  =  0  ...  0,1 
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SUMMARY 

The  technical  requirements  for  introduction  of  Aluminium-Li thium-alloys  in  secondary 
structures  of  aircraft  are  formulated.  The  general  corrosion  behaviour,  stress-corrosion 
properties  and  mechanical  properties  of  the  alloy  2091-T3  from  Cegedur-Pechiney  meet 
these  requirements. 

The  Successful  fabrication  of  access  doors  in  the  underwing  fairing  of  the 
Fokker  100  is  described.  The  same  manufacturing  techniques  as  for  2024  can  be  used  for 
2091,  i.e.  machining,  blanking,  bending,  chemical  milling,  surface  pretreatments, 
adhesive  bonding,  solution  heat  treatment  and  drop  hammer  forming,  stretch  forming, 
painting  and  rivetting.  Operational  in-service  trial  on  Fokker  100  and  F28  operated  by 
major  airlines  as  Swissair  and  Garuda  has  started. 

An  estimate  of  the  cost-effectiveness  of  the  access  doors  out  of  2091  is  given. 


1.  INTRODUCTION 

Aluminium-Lithium  alloys  have  reached  the  near  production  stage.  Since  1986 
Cegedur-Pechiney  offers  the  Al-Li  alloy  2091  commercially  for  aerospace  applications  as 
a  replacement  for  2024  in  the  T3/T4  temper.  A  comprehensive  research  program  has  been 
conducted  in  close  harmony  between  several  research  centres,  aircraft  manufacturers  and 
material  suppliers  for  establishing  the  ins  and  outs  of  a  wide  range  of  Al-Li  alloys. 

The  2091-alloy  promises  a  good  combination  of  strength,  ductility  and  formability  [1], 
although  an  overall  good  compromise  of  properties  equivalent  to  2024-T3  has  not  yet  been 
optimized. 

As  part  of  an  Aircraft  Technology  Program,  Fokker  has  decided  to  introduce  the 
2091-alloy  on  experimental  base  for  secondary  structural  applications.  As  a  consequence 
of  this  approach  only  the  advantage  of  the  8X  lower  density  is  used  and  the  profit  of 
the  8%  increased  stiffness  compared  to  the  conventional  alloys  could  be  incorporated  in 
a  later  stage.  Fokker  has  selected  access  doors  in  the  underwing  fairing  of  the  Fokker 
100  to  be  manufactured  out  of  2091-sheet,  figure  1,  to  gain  experience  in  fabrication 
techniques  in  a  production  environment  and  to  study  the  operational  in-service  behaviour 
of  these  panels.  This  paper  describes  the  technical  requirements  for  sheet  used  for 
secondary  structures  and  the  test  results  for  2091-T3.  The  used  fabrication  techniques 
are  dealt  with  and  an  estimate  of  the  cost-effectiveness  of  the  access  doors  out  of  2091 
is  given. 


2.  TECHNICAL  REQUIREMENTS  FOR  SECONDARY  STRUCTURES 

For  secondary  structures,  where  strength,  fatigue  and  damage-tolerance  play  no 
important  role,  still  some  technical  requirements  exist  for  unclad  Al-Li  sheets: 

1.  the  alloy  should  posess  good  general  corrosion  behaviour,  i.e.  good  exfoliation  and 
intergranular  corrosion  resistance 

2.  stress-corrosion  properties  should  be  sufficient,  because  residual  stresses  can  be 
introduced  during  forming  operations  (e.g.  bending)  in  the  final  T3-condition  or 
during  rivetting. 

If  these  properties  are  insufficient,  this  could  mean  that  parts  would  have  to  be 
exchanged  too  often.  These  requirements  also  hold  partially  for  clad  Al-Li,  because  some 
parts  are  chemically  milled  to  achieve  their  final  form. 

Some  strength  of  the  alloy  would  be  nice.  May  be  the  most  important  requirement  is,  that 
the  fabrication  processes  used  for  conventional  Al-alloys  apply  to  al-Li  alloys  and  in 
turn  manufacturing  parts  out  of  Al-Li  does  not  negatively  influence  the  production  of 
conventional  Al-alloys.  E.g.  surface  pretreatment  of  Al-Li  should  be  possible  in  the 
same  solutions  and  baths  as  used  for  2024  and  7075  and  vice  versa. 


Table  1:  Range  of  chemical  composition  in  ut-X  of  delivered  2091-sheets  with 
several  thicknesses 

Cu  Li  Mg  Zr  Si  Fe  Ti 


1.95-2.1  1. 8-2.1 


1.5-1. 6  0.07-0.09  0.02-0.04  0.03-0.04  0.02-0.07 


3.  MATERIAL  AND  PROPERTIES 


The  Al-Li  alloy  2091-T3  was  aupplied  aa  sheets  with  thicknesses  of  1.2,  1.6,  2.0  and 
3.0  mm  and  dimensions  2000  x  1000  mm*  by  Cegedur  Pechiney  in  January  1987.  The  range 
of  the  chemical  composition  of  the  delivered  sheets  is  given  in  table  1.  (Mill-test 
certificate).  Microstructural  investigation  shows  a  fully  recrystallized  microstructure 
for  the  1.2  mm  thick  sheets  with  an  equal  grain  size  in  rolling  and  transverse  dirction 
of  40  pm,  figure  2.  The  core  of  the  2.0  and  3.0  mm  thick  sheets  show  a  somewhat 
elongated  grain  structure  compared  to  the  1.2  mm  thick  sheet. 

Micro-hardness  measurements  performed  on  a  polished  cross-section  of  the  1.2  mm 
thick  sheet  reveal  a  zone  of  about  100  pm  with  lower  hardness  than  the  bulk,  figure  3. 
100  pm  ben  ath  the  surface  the  bulk  hardness  of  HV120  is  reached.  The  lower  hardness  can 
be  attributed  to  a  Li-  and  Mg-depletion  in  this  zone,  which  occurs  e.g.  after  solution 
heat  treatment  (2,  31. 

The  aging  kinetics  of  2091  material  has  been  studied  at  ambient  temperatures  for 
establishing  the  forming  requirements.  Since  time  delays  are  experienced  between  the 
quenching  and  actual  forming  operations,  there  exists  a  need  to  examine  the  "time 
window"  beyond  which  the  alloy  begins  to  increase  in  strength  and  decrease  in  ductility 
and  the  material's  fornability  is  reduced.  Therefore,  2091  specimen,  having  a  T3 
delivery  condition,  were  solutionizcd  at  525°C  for  20  minutes  and  quenched 
subsequently  in  cold  running  tap  water  within  7  seconds.  The  effect  of  the  time  window 
on  2091  was  studied  for  a  period  more  than  1  year.  Figure  4  shows  the  natural  aging  data 
presented  as  ultimate  tensile  strength,  yield  tensile  strength  and  elongation  after 
fracture  vs.  aging  time.  Values  in  figure  4  are  averages  of  3  specimen  tented  according 
to  ASTM  E8-85a  in  rolling  direction.  It  can  be  seen  that  the  amount  of  additional 
hardening  upto  natural  aging  times  of  4  days  is  neglectable,  which  in  turn  suggests  that 
the  formability  would  not  be  affected  significantly  in  this  period.  The  conventional 
alloy  2024  ia  usually  being  formed  within  2h  after  quenching.  From  an  aging  time  of  3 
weeks  onwards  the  effect  of  aging  time  on  the  ultimate  and/or  yield  strength  is 
relatively  small  and  2091  is  stable.  For  2024-T3/T42  the  aged  properties  are  achieved 
after  4  days  exposure  at  ambient  temperature.  2091-T4  reaches  a  strength  level 
equivalent  to  2024-T42  alclad. 

Tensile  teat  specimen  were  cut  under  different  directions  to  the  rolling  direction  to 
investigate  the  mechanical  anisotropy  of  the  sheet.  2091  was  tested  in  the  T3-condition 
and  in  a  naturally  aged  condition  1100  h  after  solution  heat  treatment  and  quenching  as 
described  above.  Results  given  in  figures  5  and  6  are  averages  of  3  observations. 

2091-T3  shows  a  remarkable  isotropy.  The  results  of  2091-T4  show  that  the  T3-condition 
does  not  contain  much  cold  deformation. 

The  susceptibility  cf  2091-T3  to  exfoliation  corrosion  was  tested  according  tc  ASTM 
G34-79 .  Both  specimen  with  the  original  surface,  including  a  Li-depleted  zone  of 
approximately  100  um  and  specimen,  after  removal  of  a  surface  layer  of  0.2  mm  on  both 
sides  by  mechanically  grinding,  were  immersed  for  48  and  96  h.  Results  in  table  2  show  a 
rating  of  N-P  comparable  with  the  ratings  for  2024.  There  is  no  difference  between  the 
ratings  for  the  surface  and  core  of  the  material  and  immersion  times  of  48  and  96  h.  Our 
experience  with  EXCO-testing  of  2091  shows  that  exfoliation  ratings  of  EA-ED  occur  after 
artificial  aging  in  the  temperature  range  150»C  to  200*C. 

Table  2:  Exfoliation  corrosion  of  1.2  mm  sheet  out  of  2091-T3,  according  to  ASTM  G34-79 


1  2091-T3  ! 

2024-T3 

SURFACE 

CORE 

EXCO 

48H 

N-P 

N-P 

N 

EXCO 

96H 

N-P 

P 

N 

The  results  of  the  intergranular  corrosion  te9t  according  to  MIL-H-6088  are  given  in 
table  3.  Again  specimen  including  and  excluding  a  Li-depleted  zone  were  tested.  The 
maximum  depth  of  the  intergranular  attack  and  the  percentage  surface  attack  are  for  the 
specimen  with  the  original  surface  comparable  to  those  of  2024-T3  and  for  specimen 
without  the  Li-depleted  zone  lower  than  those  of  2024-T3. 

Table  3:  Intergranular  corrosion  of  1.2  mm  sheet  out  rf  2091-T3,  according  to  MIL-H-6088 


2091-T3 

2024-T3 

SURFACE  CORE 

MAX.  DEPTH 

145  63 

150 

(  pm) 

X  SURFACE 
ATTACK 

20  2 

36 

The  resistance  to  stress  corrosion  cracking  of  2091-T3  was  tested  by  NLR  [4]  using 
bent-bean  stripa  loaded  in  the  long  transverse  direction,  which  were  alternately 
innersed  in  synthetic  seawater.  Specinen  did  not  fail  after  42  dayB  at  stress  levels  of 
200  and  300  MPa.  This  behaviour  is  conparable  to  that  of  2024-T3.  The  sane  results  Have 
been  reported  by  15]  after  alternate  inaersion  testing  in  a  3.5%  NaCl  solution. 

Fron  the  above  mentioned  properties  it  can  be  concluded,  that  2091-T3  neets  the 
technical  requirements  for  secondary  structures  and  an  artificial  aging  to  a 
T8X-condition  is  not  necessary. 


4.  MANUFACTURING  OF  ACCESS  DOORS 

The  manufacturing  of  8  access  doors  can  be  divided  into  the  following  operations: 
machining,  chemical  treatments,  forming  and  joining. 

Machining : 

All  sheets  were  cut  to  the  starting  size  by  guillotine  shearing.  Drilling,  milling, 
deburring  and  blanking  can  be  carried  out  using  the  same  techniques  as  for  conventional 
Al-alloys.  Chips  from  Al-Li  which  were  generated  during  machining  were  separated  from 
conventional  chips.  Fine  turnings  which  fell  on  the  ground  were  collected  together  with 
the  normal  garbage.  Scrap  separation  is  in  a  production  environment  indeed  a  problem, 
because  cleaning  the  milling  machines  every  time  a  part  out  of  Al-Li  has  been  machined 
takes  to  much  time.  Depending  upon  the  amount  of  parts  out  of  Al-Li,  compared  to  the 
amount  of  parts  out  of  conventional  alloys  the  production  logistic  has  to  be  changed. 

Chemical  treatments 

The  thicknesses  of  the  sheets  out  of  2024-T3,  which  are  uptill  now  used  for  the  two 
types  of  access  doors  are:  0.6,  0.8,  1.0,  1.2,  2.0  and  2.5  mm.  Two-side  chemical  milling 
in  a  solution  of  NaOH  with  a  concentration  of  135  g/1  at  a  temperature  of  80*C  has 
been  used  to  reduce  the  original  thickness  of  2091-T3  from  1.2  mm  to  0.6,  0.8  and  1 . 0  mm 
and  from  3.0  mm  to  2.5  mm.  Chemical  milling  from  two  sides  has  been  used,  whenever 
possible,  to  remove  the  Li-depleted  zone,  so  that  an  eventual  recrystallization  in  this 
soft  zone  can  not  occur  after  a  re-solution  heat  treatment.  After  chemical  milling  the 
surface  roughness  of  2091  is  in  the  same  range  as  for  2024.  Sometimes  deficiences  from 
the  original  surface  were  visible  on  the  chemically  milled  surfaces. 

The  surface-pretreatment  for  adhesive  bonding  and  painting  consisted  of  [6]: 
Cr0j-H*S04  pickling  for  20  min.  and  Cr0>-  anodizing  (40/50V)  according  to  DBF 
STAN  03/24.  The  thickness  of  *  anodic  layer  is  3.5  pm  and  is  equal  to  the  layer 
formed  on  2024-T3  clad.  Also  -  pore-diameter  of  the  oxide  is  in  the  range  observed 
for  20*4-T3  clod,  i.e.  25  nm.  ^d  adhesive  bond  strength  have  been  achieved  using  the 
adhesive  Redux  775  L/P.  The  quality  of  the  adhesive  bond  of  the  parts  has  been  tested 
using  the  Fokker-bondtester . 

For  pointing  standard  techniques  were  used,  which  gave  satisfactory  quality  of  the 
painted  products. 

Forming  operations 

The  minimum  bend  radii  at  a  given  sheet-thickness  (R/t)  have  been  calculated  for  several 
tempers  and  angles  to  the  rolling  direction  [7]  according  to  the  formula  [8]: 

R  1 

t  e»<  -1 

where  t  =  In  L*/Lo  means  the  natural  elongation,  figure  7. 

In  figure  7  also  the  minimum  R/t  ratios  for  2024-T3  and  2024-AQ/W  according  to  Fokker 
specifications  are  indicated.  The  formability  of  2091  increases  (i.e.  lower  R/t  values) 
in  the  order  of  tempers  T8  (48h  150»C),  T3,  T42  (llOOh  naturally  aged)  and  AQ/W.  In 
all  cases  some  anisotropy  of  R/t  values  is  present.  The  R/t  ratio  for  2091-T3  is 
comparable  to  the  ratio  for  2024-T3.  An  example  of  the  use  of  calculated  R/t  values  in 
predicting  the  ability  to  form  a  simple  shape  in  1.6  mm  2091-T8  sheet,  is  shown  in 
figure  8.  In  the  L-direction  of  2091-T8  sheet  the  elongation  after  fracture  reaches  a 
value  of  12.7%  and  in  LT-direction  a  value  of  10.6%.  This  leads  to  different  R/t  ratios. 
A  bending  test  was  carried  out  using  a  radius  of  6  mm  (R/t=3,75).  One  part  cracked  due 
to  the  low  elongation  in  LT-direction  <R/t=4.5).  Bending  of  some  profiles  for  the  access 
doors  was  performed  in  the  T3-condition  where  R/t  values  of  3.3  and  4.2  were  used, 
figures  9  and  10. 

Stretching,  pressing  and  drop  hammer  forming  was  performed  in  the  AQ/W  condition  and 
here  the  advantage  of  the  long  AQ/W-time  was  pleasant.  The  drop  nammer  formed  parts  out 
of  2024  are  fabricated  starting  from  an  O-condition  and  then  before  applying  the  last 
forming  step  solution  heat  treated  to  reach  the  strength  of  a  T4  condition.  The  parts 
out  of  2091  can  be  completely  formed  in  the  AQ/W  condition  without  any  problems. 
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Rivetting  was  carried  out  in  atf^r-^rd  practice  using  2017  rivets. 

Figures  9  and  10  show  the  parts  from  which  4  access  doors  of  each  type  have  been 
assembled.  Figure  11  shows  one  set  of  complete  access  doors.  The  weight  saving  of  the 
access  doors  out  of  Al-Li  2091  compared  to  the  same  products  out  of  2024  clad  is  100-130 
grams,  meaning  8%.  The  access  doors  have  been  installed  on  Fokker  100  and  Fokker  F28 
aircraft  operated  by  Swissair  and  Garuda  to  gain  experience  with  the  in-service 
behaviour  of  Al-Li  2091  in  different  climatic  environments.  The  doors  are  mounted  on  the 
right-hand  side  of  the  underwing  fairing  (figures  12  and  13),  while  similar  panels  on 
the  left  side  are  made  out  of  2024.  In  this  way  a  realistic  comparison  can  be  made  of 
the  behaviour  of  both  materials.  Over  the  next  five  years  the  panels  will  be  regularly 
inspected  in  order  to  establish  the  durability,  i.e.  bonding,  painting,  corrosion  of 
2091. 


S.  COST -EFFECTIVENESS 


One  of  the  major  requirements  for  introduction  of  Al-Li  alloys  in  Fokker  aircraft  is 
cost-effectiveness.  Material  utilization  is  a  critical  consideration  in  the  cost 
effectiveness  analysis,  since  the  scrap  on  the  shop  floor  does  not  reduce  the  weight  of 
the  airplane  [9).  The  cost-effectiveness  of  the  two  access  doors  out  of  Al-Li  2091  was 
analyzed  using  the  following  equation  (91: 


AC  FrC,  -  ( 1 — F r )  C.  ♦  <V.„  -  FrV..)<l-U) 


4W 


(I-Fr  )U 


where 


4C  =  Change  in  material  cost  per  unit  weight  of  original  purchased  material 
($/kg) 

dW  =  Weight  reduction  per  unit  weight  of  original  purchased  material  (kg) 

Fr  =  Density  ratio  =  Density  Al-Li _ 

Density  co:  ventional  A1 
Cp  s  Material  cost  premium  per  unit  weight 
=  Cn-Co 

C  =  Material  cost  per  unit  weight  ($/kg) 

Vg  =  Value  of  scrap  per  unit  weight  ($/kg) 

U  =  Material  utilization  factor  =  1-scrap  ratio 
Subscript  o  s  Original  material 
n  s  New  material 


In  the  analysis  only  material  coat  differences  were  taken  into  account,  because  the 
fabrication  costs  and  nonrecurring  costs  (e.g.  new  tooling)  are  roughly  identical  for 
access  doors  out  of  2091  and  2024.  It  is  further  assumed  that  the  value  of  Al-Li  scrap 
is  the  same  as  for  2024  and  for  the  calculation  of  material  utilization  of  the  access 
doors  out  of  2091,  that  the  same  sheet  thicknesses  out  of  2091  are  available  as  for 
2024.  Figure  34  shows  the  results  for  two  price-levels  of  2091,  i.e.  2.5  and  3.5  times 
the  price  of  conventional  2024.  The  costs  of  1  kg  weight  saved,  which  the  aircraft 
manufacturer  is  willing  to  pay,  is  unique  to  each  company  and  depends  on  many  factors. 
In  figure  14  two  values  of  $200  and  $400  per  kg  weight  saved  are  indicated. 

Cost-ef fectiveness  is  the  case  for  those  parts  of  the  curves  below  the  horizontal  lines 
of  $200  or  $400.  The  material  utilization  for  the  two  access  doors  is  in  the  range  from 
30%  to  100%,  which  means  that  the  access  doors  can  only  be  introduced  in  a 
cost-effective  way,  if  the  price  of  Al-Li  is  2.5  times  the  price  of  conventional  Al  and 
at  a  cost  of  $350  per  kg  weight  saved.  At  a  price  of  Al-Li  which  is  3.5  times  the  price 
of  conventional  Al ,  a  cost-effective  introduction  is  difficult  to  achieve. 


6.  CONCLUSIONS 

The  Al-Li  alloy  2091-T3  in  the  product  form  sheet  meets  the  technical  requirements 
formulated  for  secondary  structures.  This  means:  adequate  general  corrosion 
resistance  and  stress-corrosion  properties  and  mechanical  properties,  which  are  in 
the  same  range  as  those  of  2024-T42  clad. 

Eight  access  doors  in  the  fuselage  lower  fairing  of  Fokker  100  and  Fokker  F28  have 
been  successfully  manufactured  out  of  2Q91-T3,  starting  with  sheet-thicknesses  of 
1.2,  2.0  and  3.0  mm . 

The  manufacturing  techniques  used  for  the  access  doors  out  of  2024-T3  can  be  used 
with  minor  modifications  for  2091-T3:  cutting,  deburring,  drilling,  milling, 
rolling,  blanking,  bending,  chemical  milling,  surface  pretreatment  including  chromic 
acid  anodizing  and  adhesive  bonding,  drophammer  forming  and  stretching  in 
as-quenched  conditions,  painting,  rivetting. 

In-service  trial  of  access  doors  on  Fokker  100  and  Fokker  F28  operated  by  major 
airlines  as  Swissair  and  Garuda  has  started. 

Cost-efficiency  analysis  for  the  access  doors  shows,  that  cos'.-ef f ective 
introduction  is  possible  if  the  price  of  the  2091  alloy  would  be  2.5  times  the  price 
of  conventional  2024  and  the  costs  to  save  1  kg  $350. 


LI 
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Fig.  2:  Microatructure  (L-ST-pLane)  of  1.2  mzo  thick  sheet  out  of  2091-T3 


Fig 


MICRO  — HARDNESS  PROFILE  2091  -T3 
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3:  Micro-hardness  profile  (50  gf)  across  thickness  of  2091-T3  sheet 
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Fig.  4:  Natural  aging  response  of  Al-Li  2091 


MINIMUM  BENDING  RADIUS  /  SHEET  GAUGE 


2091 


ANGLE  TO  ROLLING  DIRECTION 

O  T8(48H  1 50C)  +  T3  o  AO/W  A  T4 


Fig.  7:  Calculated  minimus  bending  radii  at  a  given  sheet  thickness  as  a  function  of 
the  angle  to  the  rolling  direction  and  temper  of  2091 


BENDING  OF  2091-T8  ( 48H  150°C) 


L-DIRECTION 
B50  =  12.7  7. 
R/T  =  3.7 


LT-DIRECTION 
HSO  -  10.6  Z 
R/T  *  4.5 


TEST-RfiTIO 

R/T  =  (6/1.6)  *  3.75 


Fig.  8:  Experimental  verification  of  calculated  R/t-ratios 


Fig.  9:  Parts  out  of  2091  before  Fig.  10:  Parts  out  of  2091  before 

assembling  access  doors ,  assembling  access  doors, 

type  A  31285-404  type  A  31290-402 


14.  Cost-ef fectivenesa  analysis  of  access  doors  out  of  .091,  calculated  for  two 
price  levels  CB  of  2091,  which  are  2.5  and  3.5  times  the  price  of 
conventional  2024  (Co).  Two  values  for  the  costs  of  1  kg  weight  saved  are 
indicated . 
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MISE  EN  OEUVRE  DE  L 1 ALLIAGE  2091 


par  J.  BEVALOT 

AVIONS  MARCEL  DASSAULT-BREGUET  AVIATION 
78  Quai  Marcel  Dassault 
92214  SAINT-CLOUD 


Dans  1* object if  de  remplacer  sur  avion  le  2024  T3  en  produits  minces  par  l'alliage 
aluminium-lithium  2091»  des  essais  de  fabrication  ont  ete  effectues  et  ont  abouti  a  la  production 
d'ensembles  structuraux  amenant  ainsi  une  premiere  experience  industrielle.  A  partir  de  gammes  existantes 
pour  le  2024  ont  ete  determinees  et  optimisees  des  gammes  applicables  au  2091-  De  cette  etude  les 
principales  conclusions  suivantes  ont  ete  tirees.  Le  2091  a  une  plus  grande  capacite  de  deformation 
donr.ant  la  possibility  de  former  des  panneaur.  en  1  passe  sur  trempe  fraiche  au  lieu  de  2  passes  pour  le 
2024*  L*  temps  de  travail  sur  trempe  fraiche  est  tres  important  pour  le  2091  :  de  l'ordre  de  3  jours.  Par 
ailieurs,  on  a  enregistre  une  tres  bonne  soudabilite  par  point,  une  bonne  usinabilite  chimique  et  une 
bonne  transposabilite  des  garames  de  protection  actuelles  utilisees  sur  le  2024- 


Etant  donne  1'interet  du  remplacement  du  2024-T3  par  l'Al-Li  2091  T8X  (gain  en  module  de  7  % 
avec  un  gain  de  densite  de  8  %)  nous  nous  sommes  attaches  a  definir  les  domaines  de  mise  en  oeuvre  de  cet 
alliage  en  produits  minces  par  des  essais  technologiques. 

PECHINEY  nous  avait  au  prealable  fourni  un  certain  nombre  d' informations  sur  la  maturation  de 
l'alliage  ou  sur  la  valeur  de  1' ecrouissage  critique  commen<jant  au  voisinage  de  6  %. 

Ainsi,  afin  d'obtenir  une  experience  industrielle  nous  avons  injecte  dans  des  circuits  de 
production  de  serie  d 'ensembles  structuraux  d'avions  a  la  place  du  2024,  les  memes  demi -produits  en  2091* 

Plusieurs  ensembles  ont  ainsi  ete  produits  en  utilisant  les  technologies  usuelles. 

L'analyse  des  resultats  des  essais  technologiques  et  des  informations  recueillies  pendant  les 
fabrications  permet  de  mieux  statuer  sur  les  possibility  d'utilisation  du  2091. 

Les  essais  technologiques  se  sont  decomposes  en  : 

1/  Formage  par  tendage 
2/  Cambrage. 

Ensuite  ont  eu  lieu  les  essais  et  examens  metallurgiques. 

Dans  une  3^me  partie  nous  parlerons  des  realisations. 

ESSAIS  TECHNOLOGIQUES 
1  -  For'  ze  par  tendage 

1.1  .ones  de  formage  et  caracteristiques  statiques 

Des  simulations  de  gammes  de  formage  ont  ete  comparativement  realisees  sur  des  toles  minces. 

C'est  un  formage  par  tendage  en  deux  passes  aboutissant  a  un  maximum  de  deformation  de  12  % 
(deux  fois  6  %  pour  etre  juste  en  de<ja  de  1' ecrouissage  critique).  Sur  le  2024,  la  gamme  usuelle 
decompose  en  un  formage  sur  recuit  suivi  d'un  formage  final  sur  trempe  fraiche.  La  planche  n°  1 
schematise  ces  gammes  gamme  comparative  06  formage  de  panneaux 


La  gamme  sur  2091  >  conseiilee  par  PECHINEY  s'effectue  sur  2  trempes  successives,  le  recuit  etant 
deconseille  par  manque  de  ductilite  sur  cet  etat. 

De  ces  essais  nous  avons  d'ores  et  deja  pu  deduire  (que  ce  soit  sur  le  2091  ou  sur  le  2024)  que 
les  caracteristiques  mecaniques  finales  ne  sont  pas  influencees  d'une  maniere  decelable  par  le  degre 
d' ecrouissage  de  la  premiere  passe  de  formage  (3  a  6  ^),  le  traitement  de  trempe  ulterieur  effaqant  tout 
ce  qui  est  effectue  avant. 

Les  planches  n°  2,  3  et  4  montrent  les  divers  resultats  obtenus  en  sens  long,  travers  long  et  a 
60°  du  sens  long,  direction  de  faiblesse  dans  les  alliages  aluminium-lithium. 


Planche  n°  2 


Planche  n°  3 


Planche  n3  4 
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Par  contre  la  2eme  passe  provoque  en  relation  avec  un  ecrouissage  passant  de  0  a  6  *£  une 
croissance  de  la  limite  elastique,  plus  faible  sur  le  2091  que  sur  le  2024,  alors  que  la  charge  de 
rupture  varie  d'une  faqon  plus  moderee. 

L1  allongement  a  rupture  A  %  du  2024  chute  d'une  faqon  plus  importante  que  celui  du  2091  mais 
reste  toujours  superieur  a  ce  dernier. 

On  voit  done  que  si  dar~  le  sens  long  les  caracteristiques  en  final  sur  une  piece  en  2091  T8X 
sont  legerement  superieures  pour  un  fort  ecrouissage  ( 3  %  et  6  i-  respectivement  pour  chacune  des  passes) 
dans  tous  les  autres  cas  les  caracteristiques  sont  infirieures  ou  au  plus  egales  aux  valeu-s  de  depart  (y 
compris  sur  travers  long  et  k  60°  du  sens  long). 

1.2  -  Essais  de  pliage 

En  complement  a  ces  formages,  ont  6t6  etudiees  les  possibilites  de  rayons  de  pliage  a  l80°.  Il 
faut  augmenter  le  rayon  de  pliage  au  fur  et  a  me  sure  de  1 'ecrouissage,  mais  on  remarque  que  la  capacite 
de  pliage  selon  les  materiaux  et  leurs  traiterents  thermiques  peut  etre  notee  de  la  faqon  suivante  : 

2091  T3  >  2)91  T8X  ^  2024  T3 
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Tableau  n°  5 


ECROUISSAGE 

3%  A  6% 

2024 

T3 

TL 

2 - -  3.5 

L 

2  - -  3 

2024 

2001 

W 

TL 

0.5  - ►  1 

2091 

T3 

TL 

1.3 - -  1.6 

L 

1.5  - -  1,6 

T8X 

TL 

1.6  - -  2 

EVOLUTION  DU  RAYON  DE  PLIAGE  rte  MINI 

Le  tableau  n°  5  donne  1' evolution  des  rayons  r/e  mini  determinee  juste  avant  1' apparition  de 
legeres  gerqures. 

Apres  ces  essais  technologiques  nous  avons  entrepris  de  chiffrer  les  diverses  caracterist^ques- 
1.3  -  Vitesse  de  propagation  des  criques  de  fatigue  et  courbes  R 

Toutes  les  fissurations  ont  etc  effectuees  dans  le  sens  long  c'est-a-dire  que  les  eprouvettes 
ont  ^te  prelevees  dans  le  sens  travers  long.  Les  r^sultats  ne  presentent  pas  de  particularity  notables. 

On  peut  seuleraent  dire  que  : 

Si  consecutivement  a  la  premiere  passe  de  formage  un  grossissement  de  grain  a  eu  lieu  (6  < 
d 'ecrouissage)  l ' ecrouissage  final  serable  augmenter  fres  legerement  la  vitesse  de  propagation. 

D'une  faqon  generale  les  vitesses  de  propagation  relevees  sur  le  2091  restent  infeneure<  ou 
egales  a  celles  du  2024. 

da  -4 

Pour  le  2091,  on  enregistre  une  vitesse  de  propagation  de - ■  _  10-4  mm/cycle  pour  une  valeur 

de  ^  K  de  1 0  MVo-  \m  dn 


Sur  le  2024,  la  vitesse  de  propagation  pour  le  meme  K  est  double. 

L'essai  de  tenacite  "Courbe  R"  mene  sur  eprouvettes  IRWIN  de  100  x  300  prelevees  dans  le  sens 
long  et  dans  le  sens  travers  long  de  la  tole  a  montre  que  dans  tous  les  cas  I'ouverture  de  la  fissure 
initiale  3 Lo  se  produit  pour  un  meme  facteur  d'intensite  de  contrainte,  independamment  de 

1' ecrouissage,  de  40  MPa  'T’nT. 

2  -  Formage  par  cambrage 


Le  cambrage  a  ete  realise  sur  une  presse  hydraufluide.  Des  pliages  sur  parties  droites  ont 
d'abord  ete  realises  avec  diverses  valeurs  de  rayons  pour  determiner  les  valeurs  minimales  admissibles 
sans  apparition  de  gerqures  superficielles .  Ces  essais  ont  permis  de  tracer  le  tableau  n°  6. 


Tableau  n°  6  ETUDE  DES  RAYONS  DE  PUAGE  EN  CAMBRAGE 


rto  mM  1  *0’ 
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•  ■  it  (MR 
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*0*4 

<1.1 

<1.1 

1.5 

L5 

*0*1 
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1.5 
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1.5 

1.5 

*0*4 
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1.® 

* 

2.4 
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*0*4 

0  ♦  w 

<0.7 

<0.7 

<L. 

<1.1 
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Sur  etat  W  1' aptitude  au  cambrage  du  2091  est  equivalente  a  celle  du  2024  tandis  que  sur  etat  T3 
le  2091  est  meilleur. 


Le  retour  elast  ic  du  2091  \  I'etat  W  est  voisin 
plus  eleve.  Mais  a  l'eta  .3  ils  sont  differents,  ce  qui 
passer  de  I'un  k  1' autre. 


de  celui  du  2024  *-u  meme  etat  quoiqu'un  peu 
entraine  des  modification,  i'outillage  pour 


Les  essais  ont  ensuite  ete  poursuivts  sur  ©utilises  ■*  rayon*  de  c  our  bur**  evclutifa  selon  le 
dessm  n°  7  avec  bold  tombe  de  12  auo  a  I’interin.r  et  if  u  i  i'fitfrirur.  Cet  cutilu^f  raasemble  a 
peu  pres  toutes  les  difficultes  rencontrees  sur  des  pieces  avion,  on  effet  un  rayon  de  i ouitur f  est 
influence  par  les  conditions  de  ses  ext  real tes  (localisation  privilegi«*r  irs  ruptures'.  Les  valeurs  Je 
rayon  de  pliage  en  essais  etant  de  2e  et  de  2.$e. 

Dessin  n°  7  '  ^ 


OUTIL  CN  COO  MAC  O** 


Les  resultats  du  20^1  forme  a  I'etat  w  sent  meilleurs  que  ceux  du  2024  dans  *e  aeae  et»r. 
ont  ete  valides  les  rayons  mini  de  pliage  de  2e  et  de  2,5*  pour  dcs  roles  d'epaisseur  de  l  .<*  mm 
2, 5  mm  a  1 'etat  V. 


B  -  ESSAIS  ET  EXAMENS  METALLURC IQl'ES 


1  -  Essais  prel ioinaires 

Au  prealable  nous  avons  verifie  qu'il  n'y  avait  pas  d'influence  notable  du  temps  d'attente  entre 
trempe  et  revenu  (sur  les  caracteristiqucs  statiques.  les  proprietes  en  fatigue,  U  corrosion'  l.ussant 
ainsi  toute  latitude  pour  1' operation  de  revenu  final. 


2  -  Essai  de  corrosion 


Les  premiers  essais*  menes  ont  concerne  la  corrosion.  Les  teles  utilise*.*  en  2001  TSX  eta»en« 
recristallisees  sans  garame  CPH.  Leur  tenue  a  la  C.S.T.  a  .10  jours  ost  donnee  pour  un  niveau  Je  75  a 
100  MPa. 


Des  plaquettes  assemblies  soit  avec  des  rivets  Titane  MGPL  diametre  4  (montes  avec  une 
interference  de  32  /im  )  soit  avec  des  rivets  2017A  diametre  3.2  montes  scion  les  standards  AMD-BA  n'ont 
revele  aucune  anomalie  de  C.S.T.  hormis  quelques  aftaques  galvaniques  dues  au  couple  Titane-Alumimum 
(planche  n°  8).  Cependant  nous  avons  appris  que  la  societe  AEROSPATIALE  avait  observe  des  fissuies  apic* 
20  jours  d ' immersion-emersion  alternee  sur  des  assemblages  rives  avec  rivets  en  7050.  Ces  resultats  sent 
sans  doute  dus  a  des  poses  plus  severes  car  des  essais  croises  (AMD-BA  AEROSPATIALE)  realises  sur  u.ic 
raeme  tole  Al-Li  2091  T8X  de  2  hud  avec  des  rivets  en  7050  poses  aux  AMD-BA  n'ont  revile  aucune  anomalie 
apres  30  jours  d'I.E.A. 


Planche  n°  8 


J091  TSX  (12  Inru  A  135*0 
AiMfkUf*  itM  rlftti  TIUm  Non.  f  4  Inmi*  &  [A. 


AprAa  30  J« wa  «■  taaraloa  karilM  altaraAa  «a  »ol«tl«  A3 
(patltaa  flaawraa  latrrgranalairaa  nr  corroalM  galraalgM) 


a  50 


M  s 


3  -  ESSAIS  DE  FATICl'E 

‘jes  eprouvettes  d'assemblage  representat  urs  d'une  liaison  de  revetements  de  fuselage  *ur  une 
semelle  de  cadre  de  fuselage  ont  ete  real!sees.  Cette  eprouvette  coaplrxe  est  montier  sur  la  plane  he 
Le  cadre  est  en  2214  T6  et  habituel  lesent  le  revetement  est  en  2024  Tl.  Ce  dernier  est  respite  e  p*r  du 
2091  T8X.  Cette  eprouvette,  couw  un  ensemble  de  cellules  d'avion,  a  subi  l'usinage  chiaique  l  »ur  etat 
revenu  T8X),  les  gaaaes  de  protection  et  d* assemblage  avion  .  rivets  MGPL  diaaetre  S  ou  vis  etaiuhr* 
diametre  5-  La  solution  en  2091  T8X  a  *te  tester  coaparat ivement  en  traction  ondulec  P-O,  IP  *  us  une 
contrainte  de  8$  MPa  en  pleine  tole.  La  presence  du  2091  n'a  pas  *tf  pre judiciable  a  la  -me  de 
1 ‘assemblage  qui  s'est  comporte  ident  lqueaent  dans  les  2  solutions,  ayant  une  duree  de  vie  J'rnuton 
1 10.000  cycles. 


Planche  n°  9 
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A  propos  d 'assemblages ,  signalons  en  passant  quo  le  2091  se  soude  tres  bien  par  point.  Les 
macrographies  des  points  soudes  sont  tres  bonnes.  On  ne  dccele  pas  de  defauts  de  compact  te  et  les 
diametres  des  points  sont  corrects. 

Aux  essais  de  deboutonnage ,  ces  points  ont  des  tenues  mecaniques  super leures  a  ceux  realises  en 
equivalence  sur  du  2024. 

C  -  REALISATIONS 

L' ensemble  de  ces  resultats  nous  ayant  conforte  dans  l'emploi  du  2091.  nous  avons  done  lance  en 
fabrication  des  sous-ensembles  avion  actuel lenient  realises  en  scrie  en  2024  T’. 

Les  photos  n°  10,  11  et  12  montrent  ces  realisations. 

Photo  n°  10 


Observations  sur  ces  realisations 


Quelques  essais  ont  ete  realises  sur  des  eprouvettes  prelevees  dans  des  panneau- 

-  choc 

-  caracteristiques  statiques 

-  fatigue. 

a  Essais  a  1 1  impact 

Get  essai  est  raene  sur  un  ***••♦■  pendule  muni  d'un  erabout  sphcrique  de  diametre  0  an. 

A  partir  de  U  joules  une  peau  d'orange  apparait  du  c6te  oppose  a  1' impact. 

A  12  joules  il  y  a  apparition  de  fissures. 

Comparat ivement  ce  seuil  de  fissuration  est  de  15  joules  sur  l’eprouvette  en  2024. 
b,  Caracteristiques  statiques 

On  a  note  que  1 1 ecrouissage  final  avant  revenu  a  une  influence  primordiale  sur  les 
caracteristiques  raecaniques  finales. 

Le  tableau  n°  13  montre  qu'il  y  a  interet  a  avoir  1 ' ecrouissage  maximal  admissible  avant  revenu. 
En  particulier  si  c'est  possible,  de  former  en  une  seule  passe. 


Tableau  n°  13 


CARACTERISTIQUES  MECANIQUES  SUR  PIECES 
FORMEES  EN  2091 

I  «ium  moth  mm  I  nim  i 


c/  Essais  de  fatigue 

Des  eprouvettes  de  flexion  plane  ont  4t6  prelevies  dans  les  pieces  dans  des  tones  surfacees 
mecaniquement  (-  2/10e)  sur  chaque  face,  ou  dans  des  zones  usinies  chimiquement  sur  une  face  f 1  *  autre 
face  ayant  eti  seulement  dicapie  pour  1' adherence  du  masque). 
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L' ensemble  des  resultats  de  fatigue  dorrne  par  la  planche  n°  14  montre  que  : 
l1  us  inage  chiaiqt^  (sans  compression  de  surface  ulterieure)  fait  perdre  2S  MPa  sur  la  contrainte 
admissible  4  2.10  cycles  vis  a  vis  de  l'usinage  mecanique. 


Planche  n°  14 


RESISTANCE  COMPAREE  EN  FATIGUE  ALTERNEE 


Cette  influence  est  comparable  a  celle  decelce  sur  le  2024  quoique  ce  dernier  denne  dev 
resultats  legerement  plus  eleves. 

Planche  n°  1  $ 

TEMPS  DE  MATURATION  DU  2091  T3  ET  T4 


CONCLUSIONS 


Source  :  CRV  PECHINEY 


Le  2091  vis  a  vis  du  2024  a  une  capacite  de  deformation  plus  grande,  le  travail  sur  trempe 
fraiche  est  le  plus  favorable  et  il  est  souhaitable  d'avoir  le  maximum  de  deformation  avant  le  rcvcnu. 
D’ou  l'optique  de  realiser  le  formage  en  1  seule  passe  sur  trempe  fraiche.  Rappclons  que  les  possibilires 
de  travail  sur  trempe  fraiche  sont  importantes  :  au  moins  3  jours.  C'est  ce  que  montrent  les  courbes  CRV 
Pechiney  de  la  planche  15. 

Signalons  toutefois  que  l'alliage  semble  susceptible  a  la  piqure  a  cet  ctat  et  que  dcs 
precautions  doivent  done  etre  prises. 


Toutes  les  operations  habituellement  realisees  sur  20.1  '•ansf erables  sur  le  20^1. 

Malgre  tout  il  y  a  quand  merae  1 ' inconvenient  d'etre  obi.,  ‘effectuer  un  traitement  thermique 
de  revenu  en  fin  de  garame  alors  que  le  2024  en  est  dispense. 


Pour  fi.iir  tout  en  signalant  que  si  quelques  petits  problemes  annexes  sont  aussi  a  prendre  en 
consideration  tels  que  celui  de  la  conduite  des  bains  d'usinage  chimique  (regeneration  et  elimination  des 
boues)  ou  ie  problfeme  de  la  segregation  des  chutes  et  des  copeaux  d’Al-Li  pour  les  recyclages  on  peut 
dire  que  la  maitrise  de  la  mise  en  oeuvre  des  alliages  Al-Li  est  acquise  et  ne  pose  done  pratiqueaent  pas 
de  problfcmes  d’utilisation  industrielle. 
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Summary 

This  paper  collates  some  of  the  experience  gained  so  far,  by  a  user,  during  a 
production  process  evaluation  of  8090  medium  strength  Al-Li .  alloy. 

It  examines  the  four  primary  production  processes.  Machining,  Forming,  Joining,  and 
Construction,  in  this  sense  Finishing,  Treatments,  Painting,  Plating  and  so  forth  are 
classed  as  secondary  processes.  Sufficient  work  has  been  completed  to  give  the  author 
confidence  in  the  ability  of  this  material  to  respond  to  these  four  basic  processes,  and 
produce  a  quality  article. 

No  fundamental  changes  will  be  required  of  Machine  tools.  Cutting  tools.  Plant  or 
equipment.  Some  techniques  will  change  from  the  conventional  alloy  requirements, 
particularly  with  Forming,  where  further  work  is  required,  as  8090  does  not  form  well  in 
the  cold  condition.  Superplastic  forming  characteristics  are  noted,  extensive  work  is 
being  done,  but  the  subject  is  outside  the  scope  of  this  paper. 

The  author  concludes  with  the  view  that  8090  medium  strength  Al-Li.  alloy  is 
becoming  available  in  sufficient  quantity  and  quality  to  enable  design  engineers  to 
specify  the  material  for  applications  that  can  exploit  the  proven  weight  and  strength 
advantages.  The  final  responsibility  resting  with  the  manufacturing  engineers  to  ensure 
that  Al-Li.  can  be  utilised  as  an  economic  proposition. 


PREFACE 

By  the  year  1982  sufficient  materials  and  properties  work  had  been  completed  to 
give  the  aircraft  industry  sufficient  confidence,  bearing  in  mind  the  X2020  alloys  of 
the  early  sixties,  that  the  newer  developed  versions  of  Lithium  bearing  aluminium  alloys 
were  becoming  a  feasible  proposition  for  use  on  current  aircraft,  both  Civil  and 
Military. 

British  Aerospace  therefore  embarked  upon  a  specific  production  evaluation 
programme  designed  to  establish  whether,  or  not,  the  material  could  be  processed,  and  if 
so,  under  what  constraints  and  conditions.  This  early  programme,  starting  about  April 
1982,  set  out  to  examine  one  of  the  family  of  Aluminium  Lithium  Alloys  and  its  behaviour 
when  subjected  to  the  four  basic  and  primary  production  disciplines,  namely: - 

a )  Machining 

b)  Forming 

c)  Joining 

d)  Construction 

These  four  disciplines  are,  in  fact,  common  to  most  manufactured  products  comprising  an 
assembly,  such  as  aircraft,  motor  vehicles,  washing  machines,  and  for  that  matter 
electric  kettles.  Thus  it  may  be  accepted  that  if  any  material  can  be  successfully 
manipulated  through  these  processes,  an  article  can  be  made. 

The  material  selected  for  this  first  programme  was  a  Medium  Strength  Alloy,  in 
Sheet  form  known  as  DTD  OOOA  (DTD  XXXA  after  solutionising) ,  in  the  Plate  form  as  DTD 
YYYA  solution  treated  and  stretched,  and  in  the  extruded  (Bar)  form,  as  DTD  ZZZA 
solution  treated.  The  material  required  needed  to  be  of  sufficient  dimension  and 
quality  to  be  able  to  be  worked  and  produce  results,  and  provided  airezaft  properties 
were  met,  no  other  constraints  were  put  on  the  supplier.  The  programme,  undertaken 
between  1983  and  1984  used  material  produced  from  small  ingots  and  rolled  in  the 
supplier's  laboratory.  The  quantity  processed  was  six  pieces  1200  mm  x  300  mm  x  38  mm 
thick  plate,  about  32  square  metres  of  sheet  ranging  from  1,0  mm  to  1,6  mm  thickness, 
and  some  2  metres  of  50  mm  dia  extruded  bar. 

The  current  Production  Evaluation  progranme,  unlike  the  earlier  programmes  (for 
which  laboratory  produced  material  was  used),  is  using  production  manufactured  material, 
namely  8090  *A’  specification  medium  strength,  in  both  the  plate  and  sheet  form  fully 
released  to  aircraft  standards,  further  work  will  extend  to  the  'B'  high  strength  and 
the  'C  damage  tolerant  versions.  Thus  by  processing  through  the  normal  production 
manufacturing  routes  aircraft  demonstrator  components  can  be  made  for  both  design  and 
properties  assessment.  Having  established  the  competence  of  the  traditional  production 
methods  to  produce  components  to  the  required  quality  standards  further  work  is  proposed 
to  ascertain  the  optimum  economic  production  procedures.  In  addition,  work  will  be 
extended  into  the  secondary  manufacturing  processes,  treatments,  anodising,  painting, 
and  so  forth. 


PRODUCTION  EVALUATION 


a)  Machining 


The  majority,  (over  95%),  of  traditional  aluminium  alloy  aircraft 
components  produced  from  plate  are  machined  in  the  fully  heat  treated 
condition.  However,  in  order  to  fully  understand  the  machinabi lity  of  this 
DTD  YYYA  material  two  simple  specimens  were  processed,  both  in  the  as  received 
solutionised  and  stretched  condition,  and  in  the  fully  heat  treated  l  FHT) 
condition.  Extracted  from  1200  mm  x  38  mm  thick  plate  both  specimens  were 
machined  on  a  conventional  manually  operated  milling  machine.  The  first,  a 
small  forked  item  designed  to  check  for  distortion  and  'closing-in'  of  the 
flanges,  typical  of  that  type  of  component,  and  the  second,  designed  to  check 
the  behaviour  of  slot  drills  in  an  enclosed  pocket,  fig  1.  Similar  specimens 
were  produced  at  the  same  time  in  L93  in  the  FHT  condition. 


fig  1  MACHINING  TEST 

The  tools  used  were  standard  aerospace  M42  high  speed  steel  two  tooth 
and  four  tooth  milling  cutters,  but  a  commercial  face  mill  in  K20  carbide  was 
used  to  clean  up  the  material.  These  preliminary  cuts  showed  the  Al-Li. 
medium  strength  alloy  in  the  solutionised  condition  to  have  a  dull  and 
inferior  surface  texture  in  comparison  to  the  L93  in  the  FHT  condition, 
furthermore  cutter  'pick-up'  and  smearing  of  material  was  evident  along  the 
primary  rake  angle  of  the  cutter,  fig  2.  The  Al-Li  alloy  seemed  to  behave  in  a 
manner  normally  associated  with  pure  aluminium,  but  in  the  heat  treated 
condition  the  alloy  cut  cleanly  with  a  marked  improvement  in  surface  texture. 


Csntrs 


Primary 

Raka 


fig  2  CUTTER  FORM  (TWO  TEETH) 

The  forked  item  was  checked  for  distortion.  This  did  not  exceed  normal 
expectations,  there  being  less  than  120u  closing-in  over  105  mm  length,  at  the 
tip  of  the  3  mm  thick  prongs  36  mm  deep.  Some  N.C.  routered  test  pieces 
seemed  to  confirm  these  initial  findings. 

The  programme  continued  using  material  in  the  FHT  condition.  This 
treatment  was  carried  out  at  British  Aerospace. 

The  specimen,  fig  3  was  machined  on  an  N.C.  router  from  FHT  DTD  YYYA 
plate  300  x  1140  x  38  ran  thick  plate.  Pocketed  to  typical  airframe 
configuration  it  was  designed  to  enable  assessments  to  be  made  of  distortion 
characteristics,  surface  texture  and  high  flanges,  the  reaction  of  tungsten 
carbide  cutting  tools  at  established  routing  metal  removal  rates,  and  so 
forth.  A  similar  specimen  in  L93  alloy  was  machined  under  the  same  conditions 
for  comparative  purposes. 


l 
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Carbide  tipped  cutters 


Material:  Al.  Li.  Alloy  plate 


Material:  L93  Al.  Alloy  plate 

fig  3  N.C.  ROUTING  SPECIMENS 

The  cutting  tools  were  the  British  Aerospace  range  of  tungsten  carbide  tools 
for  light  alloy  routing,  similar  in  geometry  to  the  currently  proposed  I.S.O. 
standards.  The  coolant  was  a  mist  spray  of  a  conventional  water  soluble  mineral 
oil  at  40:1  mix. 

Since  the  material  was  received  in  the  solutionised  condition  normal  test 
pieces  were  taken  for  Aerospace  heat  treatment  requirements.  Proof,  Tensile,  and 
Elongation  results  were  within  the  specified  limits. 

To  avoid  the  complication  of  inducing  machining  stresses  into  the  material, 
feeds  and  speeds,  were  in  accordance  with  normal  procedures  kept  to  the  recommended 
low  rate  for  delicate  parts,  that  is.  Roughing  at  approximately  1200  mm/minute  feed 
rate,  producing  a  tooth  load  of  0,12  mm  at  6000  r.p.m.  and  finishing  at  an  average 
of  500  mm/minute  feed  rate  producing  approximately  0,05  ran  tooth  load  at 
6000  r.p.m. 

Fig  4  shows  a  simple  bracket  used  on  the  BAe  146  aircraft,  N.C.  machined,  twin 
spindle,  for  comparative  purposes  machining  Al-Li .  FHT  under  one  spindle,  and  L93, 
the  currently  used  material  under  the  other.  In  both  cases  running  on  existing 
proven  production  tapes  a  normal  machined  finish  was  obtained,  and  both  specimens 
were  dimensionally  correct  to  the  drawing.  Subsequently  anodised  and  painted  to 
aircraft  standards  the  weight  of  the  L93  part  was  387g  and  the  AL.Li  part  340g, 
representing  approximately,  a  12%  weight  saving. 


fig  4  AIRCRAFT  CORNER  BRACKETS 
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Two  further  aircraft  rib  components  were  produced  in  a  similar  manner.  Being 
slender  delicate  items,  the  machinist  was  looking,  in  particular  for  distortion  and 
cutter  burn  due  to  material  overheating.  Both  of  these  items  were  completed 
correct  to  drawing  requirements  and  later  successfully  anodised. 

A  turned  specimen  was  produced  from  the  50  mm  dia  extruded  bar  in  the  F.H.T 
condition.  Conventional  turning  enables  a  machinist  to  get  a  'feel*  for  a 
material.  The  specimen  approximately  170  mm  long  was  drilled  and  tapped  each  end 
and  finely  ground  on  the  major  outside  diameters.  During  this  processing  the 
material  behaved  in  a  manner  similar  to  conventional  aluminium  alloys. 

Most  aircraft  sheetmetal  parts  are  produced  initially  from  a  flat  profile 
routered  shape  -  production  economics  demand  this,  primarily  because  of  the  short 
(can  be  1,  average  batch  quantity,  say  35)  batch  quantities  involved,  the  cost  of  a 
continuous  batch  quantity  compound  press  tool  installation  could  not  Le  justified. 
Furthermore  aircraft  designers  can  be  concerned  about  sheared  edges  that  emanate 
from  the  punching  process.  The  routing  process,  using  a  rotating  cutting  tool 
produces  a  less  crack  sensitive  edge  surface. 

At  the  moment  Al-Li.  alloys  are  more  costly  than  their  traditional 
counterparts.  The  responsibility  to  ensure  that  the  aircraft  designer  has  the  new 
materials  available  at  a  competitive  price  rests  not  only  with  the  manufacturer, 
but  with  the  user,  that  is,  the  production  engineer.  Hence,  these  current  trials, 
accepting,  that,  from  the  results  of  the  early  work,  components  can  be  made,  are 
designed  to  establish: - 

The  most  economic  use  of  raw  material 

Maximum  metal  removal  rate 

Optimum  processing  conditions  available  from  advancing  technology 

Fig  5  shows  the  cutting  head  of  a  sheet  routing  machine,  DNC  driven,  developed 
for  the  purpose  of  producing  at  a  high  rate  (feeds  up  to  10  m/minute)  parts  in  a 
nested  array,  which  in  itself  effects  a  saving  of  over  30%  in  the  amount  of 
material  used  per  batch  of  components. 


fig  5  SHEET  ROUTED  NESTED  PARTS 

The  specimen,  fig  6  has  been  produced  from  8090  production  released  plate  in 
order  to  assess  optimum  machining  conditions.  Using  an  existing  production  N.C. 
machine,  routing  cutters  of  various  carbide  types  were  run  at  the  maximum 
9000  r.p.m.  through  various  feed  rates  ranging  from  0,5  to  0,2  mm  tooth  load.  The 
cutting  tools  were,  in  some  instances,  plunged  directly  into  the  material,  and  in 
others  were  ramped  in  at  the  established  15®  at  varying  feed  rates  up  to 
1500  mm/min.  Abusive  conditions  were  intentionally  set-up  using: - 

Feed/surface  speed  ratios  excessive  to  normal  practice 

Tool  materials  and  geometries  known  to  burn  L93. 

Worn  tools 

The  shapes  produced  were  in  the  form  of  standard  Tensile  Test  Specimens  2,0  mm 
thick  and  were  subsequently  passed  over  to  the  laboratories  for  extensive 
evaluation. 
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rig  b  8090  PANEL 

Summary  conclusion  from  experience  to  date 

8090  Al-Li.  alloy  machines  better  in  the  FHT  condition 

carbide 'cut ting° tools ^  d6mand  ^  “  exiSting  °r  tungsten 

removal ' machine°t ool s *  d<!mand  "°  ChSn9e  t0  the  deSign  of  existl"d 

flute  h?ghlda^  l"  ^  S°1Uti°niSed  c°nditl°"  *>“•>>«« 

Forming 

Trials  c?ndu<;ted  with  the  "laboratory"  materials  were  in  solutionised 
condition  sheet.  Spinning  tests,  at  room  temperature  on  115  mm  dia  cup  shaped 

crackina  * 19  It  revealed>  Pti°r  to  complete  forming,  severe 

2?  ' Jhe  walXs'  Jt  was  noted  that  these  cracks  are  transverse  to  the 
grain  direction,  unlike  traditional  aluminium  alloys  which  would  crack  with 
the  grain  direction,  fig  7b.  A  comparable  test  in  L164,  in  the  annealed 
condition  was  completed  with  no  forming  problems,  and  no  wall  cracking. 

for  th^s  reasonh?u«heritests°3ere'conductldSatheLvatedC?em^r^uresealCraoks 
accomplished  a?  °f  2°°’C'  Successful  spinn^g  was  ' 


fig  7  SPINNING  (ROOM  TEMP)  a)  Al-Li.  b)  L164 

form  at.room  temperature  produced  cracks  around  a  tight 

section  100  ™  bore  2?e5'Sec5ton  5  mm  b°re  flan9ed  Pipe,  and  a  less  severe 
section,  100  mm  bore  with  no  flanges  was  successfully  pressed. 

.  ,  The  shear  angle,  fig  8  of  8090  sheet  1.0  mm  thick,  seen  in  the  flat  form 

on^  stIndardenrSdScti£i9  sub3ected  to  joggle  forming  and  flange  forming 

fSmif T  ^  rubber  press,  using  existing  form  tools.  Prior  to 

2?les  eere  e?ge  P°lished  and  the  material  solutionised  at 
530  .  It  is  quite  clear  from  the  various  amounts  of  edge  cracking  seen  on 
these  specimens  that  a  fine  edge  condition  (surface  texture)  is  extremely 
important,  and  we  would  recommend  a  finish  of  less  that  1  6  urn  Y 


fig  8  FORMED  SHEAR  ANGLE 

Bend  tests  are  indicating  a  lower  material  spring  back  than  is  associated 
with  conventional  alloys.  Fig  9  summarises  some  of  the  results  emerging  from 
extended  tests.  For  comparison,  these  materials  in  the  'as-received'  condition 
were  subjected  to  a  bend  of  90*  approaching  at  0°,  45®  and  90°  to  the  rolling 
direction,  the  two  lithium  alloys  averaging  a  lower  value.  Tests  on  8090  going 
down  to  2  T  bend  radius  successfully  without  damage.  Further  tests  in  the 
solutionised  condition  are  indicating  that  spring  back  is  averaging  2®  lower  than  a 
traditional  L164.  Whereas  L164  shows  a  relatively  constant  springback  through  the 
directional  range,  the  lithium  alloys  show  a  marked  increase  after  45°. 


fig  9  AVERAGE  SPRING  BACK 


Stretch  forming,  a  process  by  which  sheet  is  wrapped  around  a 
forming  block  and  then  control  stretched  to  form  sections,  in  particular 
aerofoil,  has  been  carried  out  with  sufficient  success  to  give  a  degree 
of  confidence  to  the  process  as  a  means  of  producing  typical  aircraft 
forms.  Table  1  relates  to  a  Wing  'D'  nose  skin  being  successfully  forced 
in  1,6  ron  Al-Li.  sheet  on  a  comparative  basis  with  L164. 


THICKNESS 

CONDITION 

WRAP  FORCE 
TONNES 

STRETCH  FORCE 
TONNES 

8090 

1.6  mm 

SOLUTIONISED 

530°C 

WATER  QUENCH 

18 

34  (1%) 

L164 

2.0  MM 

SOLUTIONISED 

505°C 

20 

40  (2%) 

TABLE  1  FORMING  PRESSURES 


Summary 

8090  forms  better  in  the  solutionised  condition 
Spinning  may  require  elevated  temperatures,  say,  250°C 
2T  bends  seem  to  be  a  practical  proposition 

Spring-back  values  for  bending  may  be  less  than  for  conventional  alloys 
Flanged  holes  require  a  fine  edge  finish 
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c)  Joining 

It  is  a  requirement  within  the  Aircraft  Industry  that,  prior  to  ary 
production  run  involving  spot  welding  test  specimens  are  taken  to  the 
requirements  of  controlling  documentation.  A  series  of  14  Spot  Weld  shear 
specimens  were  taken  from  1,00  mm  and  1,2  mm  DTD  XXXA  sheet  with  satisfactory 
results.  This  process  is  little  used  particularly  on  civil  aircraft,  no  work 
has  been  done  within  BAe  on  the  8090  alloy. 

Referring  back  to  fig  3  Taper-Lok  fasteners  can  be  seen  successfully 
installed  in  the  Al-Li.  specimen.  These  fasteners  require  a  close  tolerance 
taper  reamed  hole  to  a  fine  surface  texture  (under  0.2um)with  a  60%  minimum 
bearing  contact. 

Riveting  work,  so  far  completed  shows  a  good  hole  fill  with  no 
distortion  of  the  sheet  surfaces,  nor  any  evidence  of  cracking  around  the 
hole,  using  normal  aircraft  standard  3,2  mm  and  4,0  mm  L37  countersunk  full 
head  rivets,  various  combinations  of  sheet  thickness  were  riveted  from  1,0  mm 
down  to  0.5  mm.  Other  rivet  systems  were  evaluated  including  the  Type  71  wire 
drawn  Monel  Cherry  rivet  for  thick  sheet,  and  the  type  80  aluminium  Bulbed 
Cherry  rivet  for  thin  sheet. 

"Spacematic"  drilling  and  countersinking  into  9,5  mm  plate  shows  that 
finish  and  dimensional  accuracy  can  be  maintained,  as  in  traditional  alloys. 

Sunmary 

Aluminium  Lithium  (Medium  Strength)  reacts  to  the  installation  and 
removal  of  interference  fastners  in  the  same  manner  as  other 
aluminium  alloys. 

Initial  rivet  specimens  show  an  acceptable  level  of  hole  fill  and 
clench. 

A  degree  of  confidence  exists  to  suggest  that  spot  welding  will  be 
successful. 
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d)  Construction 

A  specimen  assembly,  fig  10  has  been  produced  of  a  Tornado  Laser  Module, 
situated  in  the  front  fuselage  area  of  this  military  aircraft,  forming  part  of 
the  outer,  or  skin  profile.  The  assembly  requires  a  variety  of  forming  and 
fitting  techniques  to  complete.  Items  that  normally  require  annealing  in 
traditional  alloys  were,  in  Al-Li . ,  because  of  its  peculiar  nature,  subjected 
to  solution  treatment;  after  which  any  flattening  and  straightening  was 
carried  out  by  the  traditional  method  between  rollers. 

A  total  of  71  parts  were  formed  -  as  soon  as  possible  after  heat 
treatment, 

namely: - 

45  Hand  bench  formed 
18  Rubber  Press  formed 
8  Stretch  formed 

also,  7  flat  non-formed  items  were  produced.  All  of  there  were  subjected  to 
normal  finishing  and  inspection  procedures,  including  a  ’pickle'  in  ' Aluclean 
915'  de-oxidiser,  and  a  percentage,  25%  approximately,  were  subjected  to  crack 
detect . 


fig  10  LASER  MODULE  ASSEMBLY 

Crack  detection  tests  revealed  no  fundamental  faults.  Shrinkage  was 
noted  in  certain  components  mainly  because  tooling  holes,  accurately 
positioned,  were  not  lining  up  with  the  precision  production  jigs.  This 
shrinkage  was  attributed  to  the  first  solution  treatment,  the  material  having 
been  received  in  the  'as  rolled'  condition.  Subsequent  solution  treatment  did 
not  escalate  shrinkage.  Work  hardening  during  some  of  the  severe  hand  forming 
operations,  was  noted  to  be  more  than  is  generally  associated  with 
conventional  aluminium  alloys. 

A  favourable  reaction  was  received  from  the  workshops  during  the 
manufacturing  processes  of  nibbling,  routing,  drilling,  and  piercing,  and  the 
assembly  proceeded  with  no  significant  problems. 

Summary 

No  fundamental  problems  emerged  during  assembly  operations. 

Precision  assembly  tool  designers  must  develop  a  full  understanding  of 
shrinkage  factors. 
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2.0  Comments 

2.1  Families  of  materials  tend  to  behave,  and  to  react  to  production 
processes  in  a  similar  way.  Techniques,  particularly  with  metal  removal 
processes  can  be  readily  adapted  to  acconroodate  a  variation  of  chemical 
composition  and/or  properties.  Hence,  so  far  as  Al-Li .  is  concerned  the 
criteria  established  for  the  8090  medium  strength  can  be  used  as  a  basis  from 
which  to  work  with  the  damage  tolerant  and  higher  strength  materials.  Limited 
production  evaluation  work  so  far  confirms  this  assumption. 

2.2  Manufacturers  are  demonstrating  their  ability  to  produce  lithium  bearing 
alloys  that  meet  the  requirements  of  aircraft  design  and  aircraft  properties 
engineers,  production  produced  materials  are  now  emerging  in  a  stable  and 
predictable  quality  to  be  of  interest  to  the  production  and  manufacturing 
engineers. 

Sufficient  work  has  now  been  completed  to  give  the  author  confidence  in 
the  ability  to  process  8090  medium  strength  Al-Li.  alloy  through  the  four 
primary  manufacturing  processes.  Machining,  Forming,  Joining  and  Construction. 
As  a  general  rule  if  a  material  can  be  machined  and  formed,  then  it  is  posible 
to  manufacture  components  from  that  material.  The  medium  strength  alloy  can 
certainly  be  machined  using  existing  tools  and  equipment. 

It  can  certainly  be  formed  with  existing  tools  and  equipment,  although 
techniques  may  need  modifying,  but,  even  then,  not  beyond  the  realms  of 
established  knowleage  and  practices.  superplastic  Forming  is  not  within  the 
scope  of  this  paper,  except  to  say  that  the  material  exhibits  superplastic 
properties  and  extensive  programmes  are  in  hand  aimed  at  evaluating  the 
benefits  that  can  be  gained  from  the  use  of  these  properties. 

In  conclusion  it  is  the  author's  view  that  designers  should  now  specify 
the  use  of  this  material,  to  design  for  applications  that  exploit  and 
capitalise  on  the  compounded  advantages  of  added  strength  and  reduced  weight. 
The  responsibility  of  both  the  manufacturer  and  the  user  (Production  Engineer) 
must  be  to  respond  by  utilising  the  most  cost  effective  methods  to  ensure  that 
these  alloys  can  be  introduced  as  an  economic  and  cost-justif iable 
proposition. 
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SUMMARY 


The  requirements  in  a  superplastic  sheet  material  are  either  to  possess 
a  fine  uniform  grain  site  or  to  be  capable  of  developing  such  a  grain 
structure  during  the  course  of  superplastic  deformation.  The  Lital 
Alloys  processed  by  the  optimum  route  to  produce  superplastic  grade 
sheet  fall  into  the  latter  category.  This  paper  is  devoted  to 
describing  the  evolution,  superplastic  performance  and  properties  of 
8090  SPF  produced  by  a  commercial  production  route.  The  sheet 
produced  by  this  processing  route  has  good  isotropic  superplastic 
properties,  the  ability  to  be  formed  at  the  solution  heat  treatment 
temperature  and  low  quench  sensitivity.  Properties  determined  on 
components  formed  with  hydrostatic  confining  pressure  are  presented.  The 
low  flow  stress  of  the  material  enables  cavitation  to  be  controlled 
during  forming  by  this  process. 


Introduction 


Superform  Metals  Ltd  has  been  producing  superplastically  formed 
aluminium  alloy  components  for  the  aerospace  industry  since  1973-  With 
facilities  in  Worcester  and  California  Superform  has  developed  into  the 
world's  largest  producer  of  superplastic  aluminium  components.  The 

company  remains  the  only  specialist  in  the  field  and  is  still  leading 

the  way  with  new  materials  and  techniques  to  make  this  route  for  the 

manufacture  of  complex  components  more  attractive. 

Supral  100  and  150  are  widely  used  in  many  non-structural  applications 
from  internal  furnishings  on  civil  aircraft  to  components  for  weapons 
delivery  systems. 

There  is  now  an  increasing  demand  for  structural  parts.  These  must  be 
of  high  integrity  and  thus  demand  back  pressure  forming  to  minimise 
cavitation.  The  most  suitable  alloys  are  7475  and  Aluminium-Lithium. 
Alcan  Lital  8090  SPF  is  10$  lighter  and  10$  stiffer  than  conventional 
alloys.  These  attributes  are  important  since  a  high  proportion  of 

structural  sheet  components  are  stiffness  critical. 

This  paper  describes  the  evolution,  performance  and  properties  primarily 
of  8090  SPF  with  reference  to  8091  SPF  where  applicable. 


Alloy  Selection 


In  1985  it  was  reported  (1)  that  a  wide  range  of  aluminium  alloys 
containing  lithium  could  be  rendered  superplastic.  The  alloys 
considered  are  given  in  Table  1.  The  alloying  additions  range  from  1.9 
to  3.3$  Lithium,  0  to  4.0$  Copper,  0  to  2.8$  Magnesium  and  0  to  0.5$ 
Zirconium.  It  was  therefore  considered  appropriate  to  make  the  alloy 
choice  on  the  basis  of  the  chemistry  that  produces  the  required  service 
properties,  rather  than  that  which  confer  superplasticity.  The 
principal  contenders  for  aerospace  applications  were  believed  to  be 
Alcoa  Alithalite  B  (2090),  Pechiney  CP  276,  CP  274  (2091)  Alcan  Lital  A 
(8090)  and  Lital  B  (8091).  There  is  no  doubt  that  all  of  these  alloys 
can  be  rendered  superplastic  if  processed  correctly. 
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The  factors  considered  to  assess  the  relative  merits  of  these  alloys  for 
superplastic  applications  were:- 

Manufacturing  route 

Service  properties 

Superplastic  behaviour  above  solution  treatment 
temperature 

Flow  stress  for  cavitation  control 

Isotropic  superplastic  performance  over  a  range  of 
strain  rates  and  temperatures 

Quench  sensitivity 


Of  the  main  contenders  for  general  applications,  8090  SPF  was  believed 
to  be  closest  to  satisfying  these  requirements.  The  manufacturing  route 
is  commensurate  with  British  Alcan  plant  capability.  The  alloy  has 
reasonable  strength  and  can  be  produced  in  peak  aged  or  damage  tolerant 
tempers.  It  has  a  low  copper  level  to  impart  reasonable  corrosion 
behaviour.  It  is  superplastic  through  a  wide  temperature  r r.rs.  , 
including  that  required  for  solution  treatment. 

The  material  processed  through  the  ’superplastic  route'  offers  a  low 
flow  stress  and  isotropic  superplastic  deformation.  Finally  8090  has  a 
low  quench  sensitivity  imparting  benefits  described  later. 


Processing  Route 


The  alloy  options  considered  demanded  either  a  powder  or  ingot 
metallurgy  route.  Given  that  the  ingot  route  was  capable  of  producing 
the  properties  required,  it  was  decided  to  ignore  powder  production  as 
uneconomic . 

The  thermo-mechanical  processing  must  be  capable  of  producing  sheet 
which  possesses  either  a  fine  stable  grain  structure,  or  sheet  which  is 
capable  of  achieving  a  stable  fine  grain  structure  during  superplastic 
deformation.  The  former  can  be  provided  by  the  Rockwell  7475  type  route 
and  the  latter  by  dynamic  recrystallisation  as  seen  in  the  Supral 
alloys.  Experience  has  indicated  that  dynamically  recrystallising 
materials  offer  the  easier  manufacturing  route. 

A  range  of  hot  and  cold  rolling  schedules  together  with  a  variety  of 
thermal  treatments  were  explored.  The  starting  point  for  this  work  was 
the  production  route  established  for  the  conventional  sheet  product. 

The  experimental  8090  SPF  materials  were  subjected  to  evaluation  by 
uniaxial  tensile  tests  and  the  superplastic  forming  of  property  boxes. 
Some  of  this  work  has  been  reported  elsewhere  (3)« 

The  ingot  used  for  8090  SPF  is  cast  at  British  Alcan’s  purpose  built 
Al-Li  facility  at  Alcan  Plate,  Birmingham.  Rolling  and  thermal 
treatments  are  conducted  by  British  Alcan's  speciality  rolling  mill,  the 
Aluminium  Corporation  Ltd,  Dolgarrog. 


Microstructural  Evolution 


8090  superplastic  sheet  transforms  from  a  worked  structure  to  one  of 
fine  stable  grains  during  plastic/superplastic  deformation.  It  has  been 
reported  (3)  that  an  equiaxed  grain  size  of  4-5pnt  is  produced  after  a 
strain  of  0.4  during  tensile  testing.  Increasing  strain  results  in  a 
very  gradual  coarsening  of  the  structure.  Undeformed  test  pieces 
exhibit  a  worked  structure  of  elongated  grains,  after  15  minutes.  This 
structure  also  coarsens  slowly,  but  exhibits  only  modest  change  after  a 
period  of  1  hour. 

The  ability  of  the  material  to  produce  a  similar  structure  throughout  a 
superplastically  formed  component,  regardless  of  strain  is  important  for 
uniform  service  properties. 


Jl 


The  flow  stress  of  8090  SPF  has  been  found  ^  to  reach  5.3  -  4*8  Mpa 
during  tensile  tests  deformed  at  an  initial  strain  rate  of  2  x  10-3/sec 
at  525-530°C  under  a  superimposed  hydrostatic  pressure  of  4*5Mpa.  Under 
similar  conditions  the  flow  stress  for  8091  SPF  was  3»9-4*4  MPa. 

The  low  flow  stress  values  obtained  enabled  the  cavitation  of  8090  SPF 
to  be  virtually  eliminated  after  a  log  thickness  strain  of  1.6  under 
4-5MPa  hydrostatic  pressure.  At  a  lower  hydrostatic  or»»*:*u’'C  of  2.1iiPa 
the  cavitation  was  less  than  1%. 

Similar  results  were  obtained  for  8091. 

Further  cavitation  determinations  have  been  "reported  (4)  for  the  highly 
strained  run-off  regions  of  back  pressure  formed  components.  Figure  1 
indicates  the  effect  of  various  pressures  on  cavitation  level. 


Quench  Sensitivity 


8090  has  a  very  low  quench  sensitivity  as  demonstrated  in  Fig. 2.  Close 
to  full  cold  water  quench  properties  are  obtained  by  forced  air 
quenching  from  the  solution  treatment  temperature. 

This  ability  is  extremely  important  for  superplastically  formed 
components,  as  it  avoids  the  distortion  problems  associated  with  the 
liquid  quenching  of  shaped  sheet  structures.  The  absence  of  a  separate 
solution  treatment  reduces  costs  and  the  opportunity  for  lithium  loss 
from  the  surface. 


Properties 


Production  quality  superplastic  8090  and  8091  sheet  has  been  available 
since  the  beginning  of  1 988 .  The  material  has  been  subjected  to  full 
release  testing.  The  T62  figures  for  UTS  and  0.2#  proof  stress  are 
indicated  by  the  histograms  presented  as  Figs. 3  and  4.  The  values 
obtained  from  the  non-deformed  samples  are  somewhat  lower  than  those 
produced  by  actual  parts.  Table  2  gives  examples  of  the  mechanical 
properties  obtained  from  components  formed  at  515°C  under  a  superimposed 
hydrostatic  stress  of  2.75  MPa.  The  parts  were  forced  air  cooled  and 
subsequently  aged  at  175°C  for  20  hours.  Further  components  were  given 
a  post  forming  solution  treatment  of  15  minutes  at  525°C  and  a  similar 
precipitation  treatment.  The  properties  obtained  were  near  peak, 
although  this  may  not  be  the  fully  optimised  heat  treatment. 

The  superplastic  elongations  measured  for  release  test  purposes  are 
given  in  Fig.  5*  The  test,  pieces  were  deformed  with  a  constant  ^ross 
head  velocity  of  1mm  min-  (initial  strain  rate  1.3  x  10-  sec-  )  at 
525°C  under  atmospheric  pressure.  The  test  conditions  chosen  were  for 
release  purposes  and  do  not  represent  the  maximum  elongation  obtainable 
from  the  material.  Fig  5  demonstrates  good  isotropic  superplastic 
performance  with  some  notably  high  elongations.  When  tested  under 
optimised  conditions  under  superimposed  hydrostatic  stress,  all  of  the 
production  batches  will  exceed  100C$  elongation. 


Conclusions 


By  optimisation  of  the  thermal  mechanical  processing  8090  SPF  sheet  is 
now  being  produced  commercially  with  good  isotropic  superplastic 
capabilities  together  with  the  ability  to  be  simultaneously  formed  and 
heat  solution  treated. 

It  has  been  shown  that  8090  SPF  has  low  quench  sensitivity,  enabling 
parts  to  be  aged  to  near  peak  properties  after  air  cooling  from  the 
forming  operation. 


Cavitation  in  highly  strained  areas  of  formed  components  can  be  reduced 
to  below  0.5%  by  the  use  of  hyd.ostatic  confining  pressure  up  to  2.8MPa, 
during  forming. 
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further  Work 


A  programme  of  work  is  currently  being  carried  out  by  Superform  to 
determine  the  service  properties  of  8090  SPF  coaponents.  The  components 
are  being  formed  with  varying  hydrostatic  confining  pressures  and 
different  amounts  of  strain. 

The  following  properties  are  being  determined: 

Tensile  strength;  fracture  toughness;  fatigue; 

stress  corrosion  and  intergranular  corrosion  susceptibility. 

The  results  will  be  published  in  a  forthcoming  paper. 
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Composition  (wt  %) 

Elongation  (%) 

Li 

Cu 

H* 

Zr 

2.0 

- 

- 

- 

320 

3-3 

- 

- 

0.15 

340 

3-0 

- 

- 

0.5 

1035 

2.7 

- 

2.8 

0.15 

680 

2.5 

1.2 

0.5 

0.10 

875 

3-0 

4.0 

- 

0.5 

825 

1.9 

2.9 

1.0 

0.15 

798 

1.9 

2.8 

0.9 

0.2 

654 

2.0 

4.0 

- 

0.2 

700 

2.5 

1.8 

0.7 

0.12 

1200 

TENSILE  PROPERTIES  FOR  8090  SPF  COMPONENT  FORMED  WITH 
2.8  MPa  ARGON  ATMOSPHERE  CONFINO  PRESSURE 


HEAT  TREATMENT 
SCHEDULE 

0.2PS 

MPa 

UTS 

MPa 

El 

% 

8090  Flange 
(0% 

thickness 

strain) 

1 

362 

449 

6 

2 

371 

445 

6 

SP  Formed 
8090  (50% 

* 

372 

442 

3 

thickness 

strain) 

2 

372 

445 

3 

Heat  Treatment  schedule  1  -  Air  cool  from  forming  temperature 
of  S15°C  and  artificially  age  at 
175°C  for  20  hours. 

Heat  Treatment  schedule  2  -  Solution  treat  at  525°C  for  15  minutes 
then  rapid  quench  20%  glycol  water 
solution  and  age  as  1 . 
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SUMMARY 

The  process  of  evaluating  a  new  material  for  use  in  a  civil  transport  aircraft  is  rather 
complex  and  long. 

The  introduction  of  Al-Li  appears  as  being  a  particular  difficult  item.  Initially 
developed  for  application  in  combat  aircraft  aiming  for  high  strength  properties,  a 
civil  transport  airplane  however  requires  Al-Li  in  a  damage  tolerant  version. 

Equivalence  to  existing  alloys  is  requested  (equal  or  better)  but  Al-Li  demands  a 
compromise  between  major  properties  as  strength,  damage  tolerance  and  corrosion 
resistance. 

Progress  in  achieving  acceptable  and  harmonized  material  quality  is  very  slow  and  time 
constraints  have  prevented  introduction  in  a  planned  way  in  a  number  of  programs. 

The  question  is  raised  whether  a  cost  effective  use  of  Al-Li  can  be  envisaged  over  the 
next  years. 

INTRODUCTION 

At  the  occasion  of  the  4th  Al-Li  Conference  in  Paris,  June  1987,  J.P.  ROEDER  Sr.  Vice 
President  Technology  and  New  Product  Development  at  Airbus  Industrie  in  his  Key  Note 
Lecture  had  to  a  large  extent  outlined  the  fundamental  requirements  of  the  civil 
airplane  manufacturers  as  regards  the  introduction  of  Al-Li  in  airliners. 

I  have  to  recall  the  major  statements  J.P.  Roeder  made  in  his  lecture;  not  only  for 
consistency  but  also  because  the  situation  has  not  significantly  changed. 


DISCUSSION  OF  THE  SUBJECT 

The  title  of  this  presentation  already  suggests  that  the  basic  environment  in  which  we, 
as  a  civil  aircraft  manufacturer,  have  to  operate,  is  somehow  different  to  that 
encountered  for  military  developments. 

What  our  airline  customer  rightly  expect  from  us  is  a  product  that  is  s 

-  technically  sound 

-  well  timed  to  meet  market  demands 

-  cost  effective  or  commercially  viable 

These  are  in  a  way  constraining  factors  which  put  limits  to  our  freedom  of  action.  They 
are  logically  fully  applicable  to  the  ingredients,  contributing  to  the  construction  of 
our  airplanes,  and  materials,  in  this  particular  context  Al-Li,  have  a  major  importance. 
These  more  general  statements  obviously  apply  also  to  military  airplanes  but  compliance 
requires  different  approaches. 

When  we  review  Al-Li  as  an  advanced  technology  light  alloy,  the  first  question  to  be 
asked  is  technical. 

The  design  of  metallic  aircraft  structure  has  been,  in  the  past,  based  on  static 
analysis,  with  consideration  of  lower,  repeated  laods  and  their  effect  on  the 
inititation  of  cracks  within  the  structure  based  on  fatigue  ("safe-life*1)  analysis. 
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However,  a  recent  change  in  design  criteria  for  civil  transport  airplanes  requires 
additional  consideration  of  structural  integrity,  assuming  certain  damages  to  exist  in 
the  structure.  These  can  be  the  result  of  fatigue,  environmental  effects  (corrosion,  for 
example)  or  accidents,  of  material  processing  or  manufacturing  procedures.  This  new 
criteria  is  generally  referred  to  as  "damage  tolerance",  which  means  that  the  structure, 
though  damaged  to  a  limited  extent,  is  capable  of  sustaining  a  pre-defined  load  until 
the  damage  can  be  detected  and  repaired. 

This  is  the  essential  difference  in  the  design  requirements  between  a  civil  and  a 
military  aircraft. 

For  ease  of  understanding  a  rough  comparison  of  the  major  design  requirements  is  given 
below  : 


REQUIREMENT 

COMBAT-TYPE  AIRCRAFT 

CIVIL  TRANSPORT  AIRCRAFT 

Major  material 
properties 

-  static  strength 
predominant 

-  fatigue  consideration 

-  corrosion 

-  fatigue  strength 
predominant 

-  damage  tolerance 

-  stress  corrosion 

Total  life 

-  7  000  FH 

-  50  000  FH 

inspection 

threshold 

-  2  400  FH 

-  18  -  20  000  FH 

Repeated 

Inspection 

600  FH 

-  4  500  FH 

figure  1 


Above  picture  might  give  an  idea  of  the  different  constraints  under  which  a  new  material 
has  to  be  evaluated  and  qualified,  depending  on  its  specific  application. 

The  introduction  of  Al-Li  with  a  8-10%  density  reduction,  while  maintaining  the  other 
main  characteristics  of  either  the  damage  tolerant  2024  alloy  or  the  high  strength  7075 
alloy,  seemed  to  offer,  for  both  applications,  significant  improvements  in  terms  of 
aircraft  structural  efficiency  without  the  need  for  changing  classical  design  and 
manufacturing  techniques  as  well  as  established  maintenance  practices. 

Of  particular  interest  also, 
appeared  the  possibility  of 
introducing  the  material  by 

existing  products.  The  CUS  ^  Al-Li  weight  reduction  potential 

requirement  obviously  is  then  . 

that  the  major  characteristics  (preliminary  osti mates  1983) 

of  this  new  material  be  at  least 
equal  to  the  material  to  be 
replaced. 

Initially  developped  for  application  in  combat 
airplanes  aiming  for  high  strength  properties, 

Al-Li  apparently  complies  with  these 
requirements  in  its  high  strength  version. 

Manufacturers  as  Dassault  and  Lockheed  for 
example  are  about  to  introduce  it  or  have 
already,  Al-Li  in  their  products  in  significant 
quantities. 

A  civil  transport  airplane  manufacturer  however 
needs  Al-Li  in  a  "damage  tolerant"  version. 

Infortunately  this  fundamental  requirement  was 
only  understood  by  the  material  suppliers  at  a 
rather  late  stage,  more  precisely,  when  first 
discussions  took  place  between  suppliers  and 
aircraft  design  experts. 


•  B737-300 

1  500  lb 

•  B  7-7 

1  900  lb 

•  A320 

2  5001b 

•  B757 

31001b 

•  B767 

4  700  lb 

•  A310 

57001b 

•  A300-600 

6  5001b 

•  A340  (TA1 1) 

8500  lb  J 

•  B747RP 

9  300  lb  8 

•  B747-200 

1 1  500  lb  i 

This  inspite  the  fact,  that  major  application  for  Al-Li  must  be  seen  within  the  civil 
transport  market.  An  example  might  be  the  weight  gains  anticipated  by  our  favourite 
competitor  and  ourselves  in  1983  for  the  product  lines,  as  then  assumed;  production 
deliveries  being  considered  from  1988/1989  onward. (Fig.  1) 
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As  a  consequence  of  vhat  appeared  to  be  an  encouraging  situation  Airbus  Industrie 
undertook  with  its  partners  a  combined  approach  to  : 

define  a  joint  material  specification, 

speed-up  the  evaluation  process  for  an  early  introduction  into  the  design  of  new  or 
derivative  airplane  types, 

encourage  suppliers  to  minimize  the  number  of  alloy  variants  by  standardization. 

A  work-sharing  was  agreed,  covering  the  whole  range  of  Al-Li  products  from  all  potential 
suppliers,  with  the  aim  of  obtaining  first  results  at  the  end  of  1984  and  complete 
component  testing  in  the  following  years. 

Throughout  1984  and  1985  difficulties  were  however  reported  with  procurement  of  test 
materials,  and  the  quality  of  those  supplied  remained  unsatisfactory.  In  early  1986  we 
had  reached  results  which  appeared  from  a  technical  viewpoint  to  justify  application  to 
structural  components  of  secondary  importance  only. 

Application  to  primary  structural  components  as  fuselage  sections  and  wing  skins  could 
not  be  considered,  as  damage  tolerant  properties  like  crack  propagation  behaviour  and 
stress  corrosion  resistance  remained  very  unsatisfactory  until  very  recently.  Progress 
to  produce  consistent  quality  material  with  at  least  acceptable  properties  has  now  been 
reported  by  the  suppliers  and  we  would  assume  today,  that  at  least  thin  products  of  the 
desired  technical  quality  can  be  obtained. 


The  necessary  technical  progress  is  made  now,  just  in  time  to  allow  at  least  a  decision 
making  for  eventual  application  of  Al-Li  to  the  full  scale  fatigue  test  specimen  of  our 
A330/A340  airplane. 

The  following  scenario  could  then  apply. (Fig.  2) 


Using  Al-Li  on  major  components  of 
the  fatigue  test  specimen 
presents  still  a  certain  risk.  If 
some  cracks  generate  at  an  early 
stage  of  testing  on  these  parts, 
the  reasons  have  to  be  clearly 
identified  whether  it  is  a 
material  or  a  design  deficiency. 
This  can  take  much  time  and 
eventually  delay  certification. 
Extensive  application  of  Al-Li  to 
the  full  scale  fatigue  test 
specimen  will  not  mean  that  the 
decision  for  application  on 
production  airplanes  is  taken  but 
it  is  a  necessary  technical  back 
up  for  a  management  decision  on 
application  based  subsequently  on 
industrial  and  economical  risk 
consideration . 


There  can  be  no  doubt,  that  the 
price  of  a  material  is  an 
essential  factor  in  this  respect. 
If  a  worthwile  return  in  terms  of 
performance  and/or  economics 
cannot  be  shown  by  the  aircraft  to 
which  it  is  applied,  we  can  forget 
it.  This  is  fundamental. 

Extensive  application  of  Al-Li  to 
the  first  A330/A340  production 
airplanes  in  any  way  cannot  be 
expected . 


figure  2 

®  A330/A340  introduction  of  aluminium-lithium 


Development  +  production  milestones 


1986 

1987 

1988 

1989 

1990 

1991 

1992 

- Corritguranon  treaa 

A340 

1 

□ 

first  flight  | 

Cof  A 

_ 

figure  3 


Looking  st  the  developnent  and  production  silestones  of  the  A340  programme  ve  see  that 
time  has  run  out. (Fig.  3) 
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To  allow  a  minimum  of  pre-qualification  of  the  materials  to  be  used  and  in  order  to 
establish  a  data  basis  for  design  and  be  sure  about  the  decision  to  proceed  with  Al-Li, 
the  material  for  qualification  testing  should  have  been  in  our  laboratories  before  the 
end  of  1986,  which  did  not  happen. 

At  about  the  same  time  new  price  ®  Utilisation  of  semi-finished  al-alloy  products  on  current  design 

indications  began  to  reach  us  :  instead  of 

being  twice  that  of  current  alloys  as 

initially  announced,  factors  of  three  and 

more  were  now  quoted  by  the  suppliers.  This 

increased  the  doubts  about  the  cost 

efficiency  of  the  whole  exercise. 

Given  the  uncertainties  which  surrounded  ro  ■  PUrte 

the  new  material,  as  to  reliability  of  eo  •  RJJ 

prediction,  validation  and  cost,  we  had  to  so  ■  IJ 

revise  our  project  studies  and  plans  for  40  ■  |B| 

its  introduction,  and  necessary  design  M 

changes  could  not  be  decided.  sha* 


When  looking  at  current  design  practice  for  n  1  kw  E3  ■■ 

airplane  structures  a  change  in  design 

provisions  would  have  been  necessary  for  a  figure  4 

cost  efficient  utilization  of  Al-Li. 

Within  the  range  of  semi-finished  al-alloy  products  (Fig.  4)  the  use  of  plate  material 
today  keeps  a  major  share  with  a  large  amount  of  machining,  which  then  results  in  an 
extremely  high  buy-to-fly  ratio,  leading  to  values  of  10  and  more  for  some  components. 

A  cost  effective  design  of  structural  components  would  therefore  tend  to  reduce  the 
demand  for  thick  plate  material  in  order  to  keep  the  buy-to-fly  coefficient  low  and  to 
increase  the  utilization  of  extruded  parts  and  sheet  material. 

Structural  design  of  the  A330/A340  is  frozen,  and  Al-Li  can  now  be  introduced  only  by 
substitution,  which  then  is  limited  by  economic  considerations. 

An  example  of  what  the  economic  efforts  might  be  when  trying  to  save  weight  through  the 
introduction  of  Al-Li  is  shown  for  a  typical  fuselage  section. (Fig.  5) 

The  various  sub-parts  as  stringers,  frames,  sheets  and  window  forgings  are  evaluated  in 
terms  of  $  per  kg  weight  saved  according  to  the  type  of  semifinished  material  used,  its 
purchase  price  and  the  corresponding  buy-to-fly  ratio  (the  total  cost  of  a  kg  of 
material  in  flight  is  the  material  cost/kg  multiplied  by  the  buy-to-fly  ratio). 

Frame  profiles  from  sheet  material  with  a  ratio  ^  Introduction  Of  AL-Uthilim 


of  1.85  show  the  most  efficient  material 
utilization  whereas  secondary  parts  with  a 
ratio  of  4.66  are  less  attractive. 

The  overall  price  with  497  $/kg  weight  saved 
reflects  a  buy-to-fly  ratio  of  about  3.1  . 


figure  5 

Cost  estimation  per  kg  weight  saving 
for  a  typical  fuselage  component 


$  kg  A  kg 


The  significance  of  Al-Li  price  factors  has 
been  shown  and  there  can  be  no  doubt  that  a 
massive  reduction  in  Al-Li  costs  is  a  major 
target  towards  which  the  recources  and  energy 
of  the  aluminium  industry  must  be  directed. 


497$  kg _ 

average  cost 


Al-Li  has  only  limited  chances  to  be 
extensively  used,  when  buy-to-fly  ratios  are 
greater  than  3. 


Limiting  substitution  to  sheet  and  thin  /  /  y'  s'  9 

extrusions  would  ensure  a  minimum  in  waste  of  I  / /J'  s'  j 

material,  but  impact  on  cost  efficiency  for  j  / J/  j^^y' 

many  aircraft  types  would  equally  be  limited.  ioo-  / /or  J\s' 

It  would  moreover  drastically  reduce  the  amount  l/Wj^y1]  I  j 

of  Al-Li  required  and  due  to  reduced  production  , 

volume  would  push  even  further  downstream  the  ^ - L- ’ - ' - - - * - * - 

point  at  which  the  suppliers  break  even.  Thick  2  3  u  *  _ 

.  r  r  Pnc*  F*rto»  At  u  At 

products,  SUCh  as  plate,  must  therefore  £0  Stringers  DAN2  (sheet)  ®  Skins  bonded. «3  mm 

eventually  become  a  vital  element  in  suppliers  fflsmngmowei  wwn  ® secondary structure Mns 

stringers  DAN50  (extrusion)  2  Skins,  chem-mill  *  3  mm 

efforts.  ®  frame  profiles  (sheet)  (*)  cabin  window  forgings  lO®1 

In  this  i  -spect  only  weight  saving  potentials  based  on  the  lower  density  of  the  material 
can  be  taken  into  consideration.  In  none  of  the  cases  can  weight  savings  due  to  improved 
stiffness  of  Al-Li  be  accounted  for,  since  this  effect  has  shown  to  be  small.  Also, 
improved  crack  propagation  properties  of  the  material  would  scarcely  be  visible  in  this 
type  of  diagram,  though  they  would  be  helpful  in  airline  service. 


F«Cto»  Al  u  At  . 

®  skins  bonded. <3  mm 
Vi  secondary  structure  parts 
7)  skins.  chem-mill,fc3  mm 
"•)  cabin  window  forgings  (6®  1 0%) 


Is 


CONCLUSION 


Today,  the  decision  for  introducing  Al-Li  is  still  heavily  risk  loaded,  due  to  lack  of 
knowledge  of  the  material  and  the  timing  aspects. 

There  is  a  continuous  evolution  of  the  Al-Li  scenario,  but  this  evolution  is  not 
constant  and  i*  still  subject  to  too  many  up's  and  down's. 

The  economic  situation  forces  us  to  do  just  the  absolutely  necessary  to  save  weight 
through  the  utilization  of  the  new  material. 

To  catch  the  important  substitution  market  remains  fundamental  for  the  aluminium 
industry  in  order  to  build  up  production.  Strong  emphasis  on  the  damage  tolerant  alloy 
is  essential  in  this  context. 

It  must  however  also  make  every  conceivable  effort  to  get  out  of  an  extremely  marginal 
situation  through  improving  cost  efficiency  by  all  means.  This  is  a  very  serious  issue, 
which  will  not  go  away,  until  the  present  economical  environment  will  fundamentally 
change  and  the  designer  might  say  "Al-Li  is  a  material  I  like  to  work  with". 
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SLMHARY 

The  EHlOl  Is  a  long  range,  large  capacity  helicopter  developed  and  built  Jointly  by  Westland  Helicopters 
of  the  UK  and  Agusta  of  Italy  to  meet  the  needs  of  civil,  naval  and  utility  operations  and  In  which  many 
new  aerodynamic,  electronic  and  structural  design  concepts  are  successfully  coablned.  In  order  to 
effect  significant  structural  weight  reductions,  extensive  use  will  be  aade  of  aluminium-lithium  based 
alloys  which  are  now  becoming  commercially  available.  The  results  of  a  weight-saving  coat  analysis 
favour  the  use  of  aluminium-lithium  sheet,  extruded  profiles  and  forgings  on  the  EH101,  while 
corresponding  plate  and  extruded  bar  will  not  be  used  due  to  the  combined  effects  of  low  utilisation 
rate  and  the  inherently  higher  material  cost  of  aluminium-lithium.  Accordingly,  greater  e^hasls  is 
being  placed  upon  the  use  of  die  forgings,  particularly  for  the  manufacture  of  components  hitherto 
machined  from  non-lithium  containing  aluminium  plate.  Extensive  evaluation  programmes  are  currently  in 
progress  covering  AA  8090  and  AA  2091  sheet,  together  with  specific  EHlOl  extruded  profiles  and  forglnga 
also  in  AA  8090  but  with  additional  studies  in  alloy  AA  8091  ;  comparisons  will  be  made  with  alloys  AA 
2014,  2024,  7075  and  7010  where  appropriate.  Notwithstanding  the  lower  ductllltlea  and  anisotropic 
effects  characteristic  of  alumtnium-llthiur,  the  results  to  date  show  that  direct  substitution  of 
current  aluminium  alloys  may  be  realistically  pursued,  particularly  as  superior  fatigue  properties  are 
indicated  in  the  new  materials.  This  paper  reviews  the  use  ot  aluminium-lithium  based  alloys  on  the 
EHlOl  and  reports  on  the  findings  of  the  current  studies. 

THE  EHlOl  HELICOPTER 

The  EHlOl  helicopter,  figure  1,  was  born  as  a  collaborative  project  in  1979  when  the  British  and  Italian 
governments  signed  a  Memorandum  of  Understanding  to  develop  a  naval  helicopter.  The  following  year, 
these  countries'  respective  helicopter  manufacturers,  Westland  and  Aguata,  formed  EH1  (European 
Helicopter  Industries)  to  manage  the  deBlgn,  development,  manufacture,  marketing  and  support  of  the 
EHlOl.  Following  government  approval,  project  definition  co«enced  in  June  1981.  A  study  established 
that  helicopter  variants  sharing  the  same  basic  airframe  and  dynamics  could  meet  not  only  naval  and 
commercial  requirements,  but  also  those  of  the  utility/air  mobility  support  roles.  A  single  Integrated 
programme  with  a  common  core  of  design,  development  and  test  activity  was  therefore  initiated  to  cover 
all  primary  variants. 


Figure  1.  The  VtSTLAND-AGUSTA  EHlOl  HELICOPTER 

Full  programme  go-ahead  was  announced  in  January  1984  and  culminated  in  the  first  flight  of  the  Westland 
constructed  prototype,  designated  PP1,  at  Yeovil  on  9th  October  1987  while  the  first  flight  of  PP2, 
built  by  Agusta,  took  place  at  Cascina  Costa  on  26th  November  1987.  The  integrated  nature  of  the 
project  gives  rise  to  an  unusually  pxr.n«iv<>  flight  development  phase  utilising  nine  aircraft  produced 
in  both  countries.  These  are  pre-production  helicopters  rather  than  hand  built  prototypes  in  order  to 
facilitate  early  introduction  into  service.  Prototypes  PPl  and  PP2  are  allocated  to  basic  development, 
with  the  former  concentrating  on  performance  and  handling  while  the  latter  contributes  primarily  to 
flight  development  of  the  dynamics.  The  first  four  flying  aircraft  will  all  contribute  to  a  basic  EHlOl 
qualification  programme  aimed  at  developing  the  'highest  comon  helicopter'.  In  addition,  PP3  will 
develop  commercial  version  features  while  PP4  will  concentrate  on  common  naval  avionics.  Aircraft  PP5 
and  PI*  are  assigned  to  the  specific  mission  requirements  of  the  Royal  Navy  and  Italian  Navy.  PP7  ana 
PP9  are  allocated  to  Agusta  for  development  of  the  utility  variant  while  Westland  will  undertake  civil 
certification  with  PP8,  assisted  by  PP3. 
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The  design  criteria  for  the  EH101  helicopter  emerged  from  worldwide  market  studies  which  identified  a 
growing  requirement  for  a  suit i-tur bine  helicopter  capable  of  lifting  large  payloads  over  long  distances 
cost  effectively  and  which  would  meet  the  needs  of  maritime,  utility  and  civil  operations.  Thus,  the 
size  of  the  EH101  has  been  determined  by  role  requirements  ana  not  by  adapting  an  existing  air  frame  to 
try  to  meet  tactical  needs.  Leading  particulars  ot  the  aircraft  are  shown  in  Table  J. 


Configuration  5  blade  main  rotor 

4  blade  tail  rotor 

3  engines 

Dimensions  Length,  rotors  turning 

22.90  m 

length,  folded 

13.83  m 

Main  rotor  diameter 

18.59  m 

Tail  rotor  diameter 

4.  00  m 

Cabin  length 

6.5U  m 

Cabin  width  (at  floor  level) 

2.39  m 

Cabin  height  (on  centre  line) 

1.82  o 

Weights  Approx,  basic  weight 

7280  kg 

Approx,  max.  cake-off  weight 

13530  kg 

Max  speed 

295  km/h 

Range 

1850  km  ferry 

Crew  +  pax 

2/3  +  30 

Table  1.  leading  particulars  of  the  EH101  helicopter 


For  maritime  helicopter  operations,  the  primary  role  of  the  EH101  may  be  summarised  as  below;- 

-  Anti-submarine  warfare 

-  Anti-ship  surveillance  and  tracking 

-  Anti-surface  vessel 

-  Amphibious  Operations 

-  Search  and  Rescue 

-  Airborne  Early  Warning 

-  Vertical  Replenishment 

-  Electronic  Countermeasures 

Alternatively,  when  constructed  to  meet  civil  operational  requirements  in  which  up  to  30  passengers  can 
be  accommodated,  it  is  believed  that  the  EH101  will,  for  the  first  time  in  a  helicopter,  approach  the 
stringent  safety  and  performance  standards  previously  only  associated  with  fixed-ving  aircraft. 
Wherever  proven  and  cost  effective,  'state-of'the-art'  technology  has  been  Incorporated  within  the  basic 
EHI01  airframe.  For  example,  the  EH101  will  possess  the  most  advanced  health  and  usage  monitoring 
system  yet  employed  in  any  rotary  wing  aircraft  and  will  provide  a  continuous  analysis  of  dynamic 
coaponents  during  flight.  Further,  the  automatic  flight  control  system  will  Include  a  highly  advanced 
f ailure-survivable  system  offering  both  coupled  and  uncoupled  modes,  way  point  steering,  automatic 
transition  to  hover,  etc. 

Finally,  the  utility  variant  Incorporates  an  alternative  rear  fuselage  module  with  a  rear  loading  ramp. 
Typical  roles  for  this  version  of  the  EH101  are:- 

-  Offshore  oil  support 

-  Civil  Defence 

-  Vehicle/troop  transportation 

-  Air  ambulance 

-  Exploration 
“  Logging 

-  SAR 


WEIGHT  SAVING  ON  THE  EH101 

Vehicle  weight  la  arguably  of  greater  importance  in  helicopters  than  In  find  wing  aircraft  and  the 
EH101  la  no  exception.  Aa  with  all  new  aircraft,  strenuous  efforts  are  being  made  to  reduce  the  overall 
weight,  and  this  may  be  achieved  in  two  ways.  Firstly,  use  of  stronger  material  can  offer  the 
possibility  of  reduced  section  site  on  a  given  component  and  this  approach  has  been  adopted  where 
possible  on  the  EH101.  However,  in  general,  minimum  section  sizes  are  already  used  and  t‘..ere  ie  clearly 
a  limit  to  which  these  may  be  reduced.  Secondly,  and  more  importantly,  the  use  of  inherently  lighter 
materials  may  offer  considerably  greater  weight  savings  end  it  is  in  this  category  that  the  new 
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aluminium-lithium  alloys  fall,  together  with  organic  natrix  fibre  composites.  Cost  of  both  material  and 
manufacture  also  enters  the  equation  and  while  the  extensive  use  of  the  latter  would  reduce  weight  by  a 
significantly  greater  extent  than  the  use  of  aluminium-lithium  based  alloys,  the  greater  versatility  and 
relatively  easy  formability  of  the  metal  frequently  represents  the  least  expensive  route  to  component 
manufacture.  Furthermore,  the  relatively  poor  impact  resistance  and  the  degradation  of  compressive 
strength  when  exposed  to  hot/wet  conditions  frequently  exhibited  by  current  organic  matrix  co^osite 
systems  clearly  precludes  their  use  from  some  specific  applications,  although  it  would  be  naive  to  think 
that  these  problems  and  the  manufacturing  costs  are  not  being  addressed  by  the  material  manufacturers. 
For  the  time  being,  therefore,  and  certainly  in  the  case  of  the  EHI01,  valuable  weight  savings  are 
envisaged  by  direct  substitution  of  non-lithium-containing,  so-called  'conventional'  aluminium  alloys 
with  those  in  which  lithium  is  a  major  alloying  element. 

It  is  an  indication  of  the  industry-wide  desire  to  reduce  structural  weight,  whilst  supporting  the 
continued  use  of  aluminium-alloys,  when  it  is  realized  that  at  least  one  aluminium-lithium  alloy  has 
taken  considerably  less  than  a  decade  to  progress  from  small  scale  laboratory  to  full  scale  commercial 
production  (ignoring  the  now-obsolete  2020  alloy  composition  of  the  late  1950's/early  19b0's)  and  which 
is  attracting  the  intense  interest  of  the  airframe  constructor  which  the  latter  alloy  never  enjoyed. 
Because  of  the  urgency  to  incorporate  these  new  alloys  into  airframes,  the  scope  and  depth  to  which  they 
have  been  studied  and  assessed  oust  surely  surpass  that  of  ar.y  previous  aluminium  alloy.  This  is 
certainly  the  case  at  Westland  Helicopters  Ltd  (WHL)  where  experience  and  confidence  gained  from  studies 
during  the  past  five  years  has  led  to  the  current  commitment  to  incorporate  aluminium-lithium  alloys  in 
the  EH101  airframe  where  it  is  technically  acceptable  and  cost  effective. 

An  analysis  of  the  EH101  airframe  has  led  to  a  target  minimum  weight  saving,  solely  from  the  use  of 
aluminium-lithium  alloys  in  the  forward  and  centre  fuselages  of  approximately  55  kg;  complete 
replacement  of  all  'conventional'  aluminium  alloys  in  these  regions  (excluding  sheet  [0.8  mm)  would 
yield  a  weight  saving  of  approximately  82  kg.  Because  of  the  intrinsically  higher  material  cost  of 
aluminium-lithium  alloys  of  approximately  three  to  five  times  that  of  'conventional'  aluminium  alloys, 
depending  upon  product  form,  cost  considerations  must  enter  into  the  decisions  to  use  the  material.  It 
is  assumed  that  if  a  component  is  manufactured  in  aluminium-lithium  by  the  same  method  as  the  component 
it  replaces,  then  no  additional  manufacturing  costs  are  incurred.  When  the  manufacturing  route  is 
different,  for  example  in  the  case  of  aluminium-lithium  forgings  as  replacements  for  conyionents  machined 
from  'conventional'  aluminium  alloy  plate,  then  die  coats  will  occur.  In  the  WHL  analysis,  however, 
these  are  excluded  since  it  is  assumed  that  these  will  be  largely  offset  by  an  estimated  1U-15%  cost 
saving  associated  with  machining  forgings  compared  to  machining  components  from  plate,  when  amortised 
over  100  aircraft.  The  cost  controlling  criterion  in  the  weight  saving  analysis  is  then  given  by  the 
following  relationship:- 

Additlonal  material  cost  of  aluminium-lithium 

Weight  saved  x  material  utilisation  rate 

This  yields  a  figure  which  represents  the  costs  over  and  above  those  associated  with  the  manufacture  of 
conponents  in  conventional  aluminium  alloys.  It  can  be  shown  that  the  cost  of  weight  saving  for  various 
product  forms  can  be  ranked  in  order  of  their  material  utilisation  rates,  shown  in  Table  2.  Thus, 
extrusions  (90%  utilisation  rate)  represent  the  cheapest  weight  saving  while  plate  (7%  utilisation  rate) 
is  the  most  expensive.  A  break-even  cost  of  weight  saving  for  the  EH101  has  been  calculated  and  using 


Material  form 

Material  Utilization 

Forging 

20% 

Extrusion 

90% 

Plate 

7% 

Sheet 

50% 

Table  2.  Utilisation  rates  of  various  wrought  aluminium  alloy  product  forms 

the  above  relationship,  it  is  concluded  that  it  is  cost  effective  to  consider  (a)  extruded  profiles,  (b) 
sheet  and  (c)  forgings  in  aluminium-lithium  alloys.  Because  of  significantly  higher  weight-save  costs 
associated  with  components  machined  from  extruded  bar  and  plate  product  forms,  together  with  a 
relatively  low  identified  weight  save,  a  change  to  aluminium-lithium  alloys  on  the  EH101  cannot  be 
justified  for  these  product  forms  on  current  costs.  Included  in  the  target  minimum  weight  saving  figure 
of  55  kg  is  the  assumption  that  structural  members  of  the  cabin  main  lift  frame  will  be  manufactured 
from  aluminium-lithium  forgings,  as  this  has  been  shown  to  be  below  the  'break  even'  cost  of  weight 
saving,  while  machining  from  plate  in  this  alloy  would  incur  an  unacceptable  cost.  Similarly,  further 
weight  savings  may  be  possible  from  areas  other  than  the  cabin  structure  through  the  use  of  aluminium 
forgings  Instead  of  machining  from  'conventional'  aluminium  alloy  plate. 

Within  the  aforementioned  product  forms,  specific  components  identified  for  manufacture  in 
aluminium-lithium  alloys  Include  only  those  from  which  a  significant  weight  saving  can  be  realistically 
achieved.  In  the  case  of  extruded  profiles,  for  example,  only  those  sections  which  use  in  excess  ot  0.7 
metres  per  aircraft  or  sho#  a  potential  weight  saving  greater  than  0.02  kg  per  aircraft  have  been 
considered.  Similarly,  small  cleats,  brackets  and  fittings  in  other  categories  where  weight  savings  are 
minimal  are  excluded.  With  regard  to  sheet,  only  those  co^>onents  manufactured  from  thicknesses  greater 
than  0.8  mm  have  been  included  in  this  analysis,  as  thinner  gauges  are  not  currently  available 
commercially. 
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On  the  basis  of  the  above  analyses  and  together  with  past  and  present  metallurgical  studies,  decisions 
have  been  taken  sb  to  the  choice  of  alloy  for  manufacture  of  specific  EH1U1  components  in 
aluminium-lithium  alloys  and  are  summarized  in  Table  3,  Test  programmes  currently  In  progress  cover  the 
evaluation  of  production  grade  sheet,  a  number  of  EH101  extruded  profiles  and  a  main  lift  frame 
structural  member  in  the  form  of  a  die  forging  as  a  substitute  for  plate  in  'conventional'  aluminium 
alloy.  Figure  2  shows  schematically  the  location  of  these  extrusions  and  forgings  within  the  main 
cabin.  The  measured  properties  of  the  above  three  product  forms  are  discussed  in  detail  below. 


Product  fora 

Alloy 

Condition 

Substitute  for: 

Extruded 

AA809Q 

Unrecry  8  tal  Used 

AA7  075-T7  411 

sections 

'Medium  strength' 

(BS  LlbO) 

Porginga 

AA8090 

Un  recrystal  Used 

AA7 010-T7 452  (forgings) 

'Medium  strength' 

AA7  010-T7  36  (forgings) 
AA7  010-T7  45 1  (plate) 

Sheet 

AA8090 

Unrecry s tallised 

AA2014-T6 

'Medium  strength' 

(BS  LIS7,  BS  L159, 

BS  LI  65) 

AA2091/AA8090* 

Recrystallised 
1166100  strength' 

Sheet 

AA8090 

)  Recrystalliaed 

AA2024-T3 

AA2091 

J  ’Damage  Tolerant' 

(BS  LI 09) 

*  Final  decision  yet  to  be  taken  as  testing  still  in  progress. 

Table  3.  Aluminium-lithium  alloy  variants  to  be  used  on  the  EH4ul. 


Extrusions 

Forty  three  different  EH101  extruded  sections  have  been  identified  which  will  be  produced  in  AA809U 
instead  of  alloy  7075-T74U  (LlbO)  ir.  which  they  were  originally  designed.  To  date,  four  different 
profiles  have  been  made  in  commercial  grade  AA8090  via  direct  extrusion  and  consist  of  a  C-channel, 
I-beam,  right  angle  and  seat  track,  these  having  been  selected  specifically  to  represent  the  general 
1. 6-4.5  aim  range  of  extruded  section  thicknesses,  fig.  3.  Prototype  aircraft  sets  of  7  m  lengths  have 
been  delivered,  excess  material  being  utilized  for  property  and  microatructural  evaluations  incorporating 
comparisons  Wxth  identical  sections  in  alloy  1160.  Figure  4  presents  the  mean  tensile  properties  of  the 
material  studied  to  date  and  shows  that  minimum  L160  specified  strength  values  are  generally  achieved 
although  lcwer  AA8090  ductilities  are  frequently  measured. 

Two  shipments  of  the  C-channels  have  been  received,  processing  conditions  of  the  first  comprising  of  a 
nominal  2%  stretch  after  solution  heat  treatment,  followed  by  ageing  for  l2h  at  19(J°C.  The  second  batch 
of  extrusions  were  subjected  to  a  nominal  3%  stretch  prior  to  ageing  for  42h  at  170°C.  Figure  5  shows 
statistically  higher  properties  in  the  second  material  batch  and  are  attributable  to  the  concomitant 
effects  of  Increased  cold  working  and  use  of  the  lower  ageing  temperature.  The  resultant  effect  upon 
microstructure  is  illustrated  in  the  Transmission  Electron  Micrographs  in  figure  6  in  which  the  2X 
stretch  has  resulted  in  a  fairly  widespread  distribution  of  heterogeneously  nucleated  S*  -  A^CuMg  phase, 
fig.  6a,  although  numerous,  relatively  S-free  regions  are  readily  apparent.  In  contrast,  the  greater 
uniformity  of  S-precipitation  in  the  second  material  batch,  fig.  6b,  is  primarily  attributable  to  the 
associated  increased  degree  of  stretch  to  3Z  and  accounts  for  the  enhanced  properties;  no  significant 
differences  In  AI3LI  precipitation  were  detected  between  the  material  batches,  fig.  6c.  In  view  of  these 
results,  the  I-beam  and  seat  track  extrusions  were  similarly  subjected  to  a  3X  stretch  followed  by  ageing 
at  170*  for  42h,  as  will  be  all  subsequent  extrusions. 

Although  the  majority  of  extrusions  will  be  used  In  strslght  lengths,  certain  configurations  snd 
applications  may  occasionally  dictate  some  degree  of  forming.  Samples  from  C-cHannels  in  alloys  AA8090 
and  AA8091  (extrusions  in  this  lstter  alloy  were  manufactured  purely  for  research  purposes)  in  the 
as-received  fully  aged  condition  were  subjected  to  s  typical  re-solution  treatment  which  may  be  entailed. 
Figure  7  shows  that  although  T.S.  and  elongation  levels  are  only  slightly  affected,  there  is  a 
significant  decrease  In  0.2X  PS  values.  This  is  attributable  primarily  to  the  relatively  sparse 
S-A^CuMg  precipitation  due  to  the  lack  of  stretch-induced  dislocations  necessary  for  heterogeneous 
nucleation,  (1-3)  figure  8.  The  8091  samples  e:-I.ibit  correspondingly  higher  strengths,  conmensurate  with 
the  higher  lithium,  copper  and  magnesium  levels  of  this  composition.  Figure  7  also  demonstrates  some 
enhancement  of  strength  in  both  alloys  by  use  of  a  lower  ageing  temperature.  In  view  of  the  effects  of 
re-solution  heat  treatment,  an  alternative  approach  is  to  order  in  the  T3511  temper  those  extrusions 
which  are  subject  to  forming  during  aircraft  build,  manufacturing  trials  having  shown  that  AA8U90  alloy 
can  be  manipulated  In  this  condition:  final  ageing  may  be  subsequently  carried  out  in-house. 


A, 


Figure  3.  A  selection  of  EH101  extrusions  in  alloy  AA8U90 
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Figure  4.  Kean  longitudinal  tensile  properties 


§U Initial  extrusion  batch,  2X  stretch  +  I2h  at  190#C 

(^Current  extrusions,  3X  stretch  +  42h  at  170°C 

Figure  5.  Longitudinal  tensile  properties  of  channel 
extrusions  in  alloy  AA809Q-T65 11  with  mean 
measured  L160  and  specified  minimum  values. 


Figure  6.  Transmission  Electron  Micrographs  of 
channel  extrusions  in  AA8090-T6511. 


0.2%P.S.,MPa 


Figure  8.  Sparse  S'-  Al^CuMg  precipitation  in  re-solution  treated  AA8090 
channel  extrusions  aged  12h  at  190°C. 


0  30  60  90  0  30  60  90  0  30  60  90 


ANGLE  TO  EXTRUSION  DIRECTION .  deg. 


Figure  9.  Mechanical  property  anisotropy  in  initial  channel  extrusions  (22 
stretch  +  12h  at  190°C).  ^denotes  properties  in  corresponding 
extrusions  but  given  3%  stretch  +  42h  at  170°C. 
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Due  to  texture  effects  arising  from  the  zirconium-induced  unrecrystailised  grain  structure  ot  these 
extrusions,  mechanical  properties  show  some  degree  of  anisotropy*  Figure  9  indicates  a  noticeable 
decrease  in  AA8090  ft  AA8G91  strength  properties  of  the  C-channels  at  an  angle  of  ~  5U°  to  the 
longitudinal  direction,  with  a  corresponding  increase  in  ductility.  It  should  be  noted  however  that  this 
data  was  generated  from  material  from  the  first  batch  ot  extrusions  and  reference  to  figure  4  indicates 
that  an  ~ 10%  increase  in  0.2ZPS  and  TS  may  be  anticipated  upon  adoption  of  the  3%  stretch/42h  at  17U°C 
processing  schedule.  Tests  to  confirm  this  have  been  carried  out,  and  although  full  'round-the-clock’ 
properties  have  not  been  measured,  those  at  0°  and  45°  to  the  extrusion  directions  are  noticeably  higher, 
as  indicated  in  figure  9.  Further,  the  prescribed  relationship  between  limit  and  ultimate  design  loads 
leads  to  the  stipulation  that  the  0.21  PS:TS  ratio  should  be  at  least  0.75  and  0.b7  respectively  for 

UK-constructed  military  and  civil  aircraft  (4).  A  102  increase  in  the  AA8090  TS  at  50°  to  the 

longitudinal  direction  gives  a  value  of  ~  460  MPa  which  is  only  marginally  below  the  LlbO  specified 
minimum  and  the  corresponding  minimum  0.2X  PS  levels  using  the  above  stipulated  ratios  would  be  345  MPa 
for  military  and  308  MPa  for  civil  aircraft,  these  values  being  achieved  in  the  second  batch  of  material. 

Additionally,  it  should  be  noted  that  the  channel  sections,  I-beams  and  seat  track  extrusions  under 

discussion  were  manufactured  from  billet  which,  to  date,  has  invariably  contained  magnesium  levels  at  the 
bottom  end  of  the  AA8090  specif ication  range  and  have  been  typically  0.6  w/o.  A  number  of  studies  have 
shown  that,  within  limits,  mechanical  properties  are  a  function  of  magnesium  concent  (5,6)  and  this  is 
consistent  with  the  enhanced  strengths  of  the  tight  angle  sections,  these  having  been  extruded  frum 
AA8090  billet  which  contained  a  significantly  higher  magnesium  level  of  ~l.3w/o.  It  is  understood  from 
the  metal  manufacturers  that  all  future  AA8090  billet  will  contain  higher  magnesium  contents  of  at  least 
1  w/o  which  would  be  expected  to  produce  further  mechanical  property  increases,  including  those  at 
intenxediate  angles  between  L  and  LT  directions.  In  summary,  therefore,  although  low  mechanical 
properties  at  50®  to  the  lc'gitudinal  direction  have  been  measured  on  the  first  batch  of  C-channels, 
modifications  to  alloy  composition  and  processing  parameters  are  likely  to  substantially  elevate 
strengths  in  similar  extrusions  for  production  aircraft  construction. 

The  fatigue  behaviour  of  the  C-channels  has  been  Investigated  and  figure  1U  shows  a  similar  response  from 
plain  test  specimens  from  AA8090  (first  batch)  and  LlbO  extrusions.  In  order  to  simulate  actual 
production  procedures,  further  testing  compared  the  fatigue  properties  of  riveted  lap  shear  specimens 
which  were  anodised  and  epoxy  primed  prior  to  wet  assembly  with  Polycast.  As  illustrated  in  figure  11, 
again,  samples  from  the  AA8090  (first  batch)  and  L160  extrusions  behaved  similarly.  Although  both  alloys 
failed  by  multi-origin  fatigue  adjacent  to  the  fixing  holes,  the  fatigue  fractures  ot  the  AA8U9U  samples 
displayed  a  distinctive  60®  angle  to  the  extrusion  direction,  figure  12.  This  is  consistent  with  the 
tensile  data  referred  to  above  and  presented  in  figure  8  and  indicates  that  the  fatigue  crack  follows  the 
path  of  least  resistance  which,  due  to  texture  effects,  lies  at  50-60®  to  the  extrusion  direction. 


Figure  10.  Plain  section  axial  fatigue  properties  of  channel  extrusions  in 
AA8090  -  76511  (initial  batch)  and  7075-T7411  (LlbO)  alloys. 

As  has  been  observed  by  other  workers  in  aluminium  lithium  alloys  (7-9),  exposure  of  the  AA8090 
extrusions  to  elevated  temperatures  results  in  surface  depletion  of  lithium  and  magnesium.  This  has  been 
minimised  by  use  of  a  salt  bath  solution  heat  treatment.  Nevertheless,  the  effect  persists  and  as  shown 
In  figure  13,  the  micro-hardness  gradient  adjacent  of  the  extruded  metal  surface  indicates  that  the 
depleted  layer  extends  beyond  the  limit  of  the  band  of  peripheral  coarse  gr^in,  the  latter  also  being 
clearly  evident  on  the  L160  extrusions.  Since  lithium  and  magnesium  both  contribute  to  the  strength  of 
the  metal  via  precipitation  of  AI3LI  and  S-Al2CuMg,  the  existence  of  a  depleted  surface  layer  may  be 
partly  likened  to  a  clad  material,  thua  exhibiting  reduced  measured  mechanical  properties  compared  to  the 
'unclad*  material.  Although  pickling  and  anodising  will  remove  a  layer  of  this  surface  feature,  the 
depleted  layer  will  still  occupy  a  significant  proportion  of  the  1.6  mm  cross-section  of  the  C-channels 
and  I-beam*  with  attendant  reduction  in  measured  mechanical  strength.  Clearly,  such  reductions  will 
progressively  diminish  (for  a  given  depleted  depth)  as  section  size  Increases. 
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Sheet 

The  minimum  gauge  of  aluminium-lithium  sheet  currently  produced  commercially  is  1.0  mm  (Alcan)  and  1.2  mm 

(Pechiney),  whereas  AA2014-T6  sheet  thicknesses  of  as  low  as  0.4  mm  are  required  for  the  EH1U1. 

Accordingly,  until  the  metal  manufacturers  situation  changes,  only  partial  substitution  with 
aluminium-lithium  in  this  product  form  will  be  possible.  However,  for  areas  on  the  aircraft  where  sheet 

thickness  greater  than  1  mm  or  1.6  mm  are  specified,  it  is  envisaged  that  both  AA8090  and  AA2091  alloys 

will  be  used  in  the  following  ways:- 

a)  'Medium  strength*  clad  and  unclad  AA2014-T6  sheet  (BS  L165  and  BS  L157  respectively)  will  be  replaced 
by  unclad,  unrecryatallised  AA8090-T8  or  unclad,  recrystallised  AA2091-T8. 

b)  'Damage  tolerant*  clad  2024-T3  sheet  (BS  L109)  will  be  replaced  by  unclad,  recrystallised  AA8090-T81 
or  unclad  recrystallised  AA2091-T81. 

Although  there  is  a  general  effort  within  WHL  to  reduce  the  number  of  permitted  materials  on  the 
aircraft,  the  above  intended  use  of  two  alloys  for  the  same  requirement  is,  at  present,  unavoidable. 
This  arises  from  the  fact  that  dual  9ourcing  of  a  single  alloy  which  could  meet  both  ’medium  strength' 
and  ’damage  tolerant*  properties  is  not  possible,  since  AAB090  sheet  is  available  only  from  Alcan  while 
AA2091  sheet  is  currently  produced  only  by  Pechiney.  Projects  currently  in  progress  at  WHL  aim  to  verify 
that  the  proposed  alternative  use  of  the  two  alloys,  as  outlined  above,  is  acceptable  as  far  as 
properties  are  concerned.  It  should  be  noted  that  both  unrecrystallised  and  recrystallised  AA8U9U  is 
available  from  Alcan,  whereas  for  thin  sheet  (<3  mm),  it  is  believed  that  Pechiney  will  only  supply 
recrystallised  material  primarily  for  underageing  to  satisfy  'damage  tolerant*  requirements.  The 
behaviour  of  AA  2091  aged  to  this  latter  category  is  being  studied,  the  T81  temper  being  achieved  by 
ageing  solution  heat  treated  and  stretched  1.6  mm  sheet  at  130°C  for  12h.  Figure  14  shows  that  strength 
properties  exceeding  the  minimum  specified  values  of  BS  L109  can  be  achieved  and  generally  match  the 
measured  levels  in  that  alloy.  Both  alloys  exhibit  some  degree  of  anisotropy.  However, 
characteristically  lower  ductilities  are  evident  in  the  aluminium-lithium  alloy. 


It  is  anticipated  that  the  majority  of  components  will  be  formable  in  the  as-received  T3  temper  and 
trials  In  AA2091  are  planned  to  confirm  this.  In  the  event  that  re-solution  heat  treatment  is 
necessitated,  tests  have  shown  this  to  have  no  measurable  effect  upon  strength  after  ageing  at  135  °C  for 
12h  and  is  consistent  with  the  fact  that,  unlike  the  'medium  strength’  unrecrystallised  AA8U90  extrusions 
discussed  previously,  recrystallised  AA8090  and  AA2091  sheet  for  ’damage  tolerant’  applications  is 
significantly  underaged.  This  is  of  a  degree  insufficient  to  form  the  S-A^CuMg  phase  whose  presence  is 
not  necessary  to  meet  the  relevant  strength  requirements,  and  hence  elimination  of  the  stretch  during 
re-solution  heat  treatment  of  material  in  the  T3  tender  would  appear  to  be  of  little  consequence.  The 
corresponding  Transmission  Electron  Micrographs  in  figure  15  show  that  the  only  noticeable  effect  upon 
the  sub-microstructure  of  AA2091  alloy  is  a  modification  of  dislocation  characteristics  in  material 
re-solution  heat  treated  prior  to  ageing:  S-Al2CuMg  was  not  detected  in  either  sample.  In  addition  to 
static  property  tests,  fatigue  behaviour  of  ’damage  tolerant'  AA2091  sheet  has  also  been  studied  (10). 


Figure  14.  Static  mechanical  properties  of  ’damage  Figure  15.  Recrystallised  AA2U91  sheet  (a)  T3  + 
tolerant'  AA2091-T81  alloy  sheet  coo^ared  12h  at  135 °C  and  (b)  re-solution 

with  BS  LI 09.  treated  +  12h  at  135°C. 
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The  S-N  curves  in  figure  16  correlate  with  the  above  findings  and  show  no  noticeable  difterence  in 
properties  of  material  re-solution  heat  treatment  prior  to  ageing.  Further,  at  equivalent  peak  stress 
levels  of  250  MPa  and  below,  AA2091-T81  specimens  exhibit  noticeably  longer  fatigue  lives  compared  to 
L109  and  which  accord  with  the  lower  fatigue  crack  propagation  rates  generally  claimed  for 
aluminium-lithium  based  alloys  (11,12).  Studies  of  recrystallised  'damage  tolerant'  AA8U9Q  sheet  are 
about  to  commence. 


Figure  16.  Comparison  of  fatigue  behaviour  of  (i)  stretched  and  (ii) 

re-solution  Created  recrystallised  AA2091  sheet  aged  1 2h  at 
1 35°C,  with  AA2024-T3  sheet  (BS  U09). 

Work  to  assess  'medium  strength*  properties  of  recrystallised  AA2091  and  unrecrystallised  AA8090  alloys 
in  sheet  form  is  also  in  progress.  Figure  17  compares  static  properties  obtained  by  ageing  T3  temper 
sheet  for  20h  at  185°C  with  those  from  samples  of  alloy  BS  L157  (unclad  AA2Q14A-T6).  Alloy  AA8090-T8 
exhibits  marked  anisotropy,  with  strength  levels  producing  a  minimum  at  55°  to  the  rolling  direction  and 
which,  between  angles  40°-70°,  fail  to  achieve  corresponding  BSL157  specified  values.  However,  the 
majority  of  sheet  originally  designated  for  use  on  the  EH101  is  of  the  clad  version  (i.e.  BS  Llb5), 
minimum  specified  strength  levels  of  which  are  met  by  AA8090-T8  at  all  orientations.  In  contrast, 
properties  in  alloy  AA209I-T8  are  noticeably  less  anisotropic,  with  minimum  BS  L157  specified  strengths 
being  achieved  at  all  test  angles.  As  found  for  'damage  tolerant'  sheet,  most  aluminium-lithium 
ductilities  are  significantly  lower  than  measured  values  from  corresponding  'conventional*  aluminium 
alloy.  With  the  exception  of  elongation,  the  results  demonstrate  that  'medium  strength’  static 
properties  can  be  achieved  in  alloy  AA2091  and  also  clearly  differentiate  between  recrystallised  and 
unrecry8talllsed  grain  structures,  the  diminished  retention  of  rolling  texture  in  this  material  and  In  BS 
L157  leading  to  greater  isotropy  of  properties. 


Figure  17,  Mechanical  property  anisotropy  in  'medium  strength1  recrystallised 
AA2091-T8  and  unrecrystallised  AA6090-T8  alloy  sheet  compared  with 
BS  L157. 
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WHL  studies  have  been  made  of  the  effect  of  ageing  parameters  upon  the  degree  oi  anisotropy  in 
unrecrystallised  AA8090-T8  sheet.  The  results  are  summarised  schematically  in  figure  18,  indicating  that 
the  anisotropy,  measured  as  a  percentage  reduction  in  0.2Z  PS  at  55°  to  the  rolling  direction  compared  to 
the  corresponding  longitudinal  value,  decreases  as  the  degree  of  ageing  Increases  and  has  been  attributed 
to  the  resultant  greater  S-phase  precipitation  (13,14),  However,  there  are  limits  to  which  an  alloy  can 
be  practically  overaged  and  as  shown  by  the  12h  at  210°C  schedule  in  figure  18,  heavy  overaglng  can 
result  in  an  unacceptable  reduction  of  strength.  Further,  a  number  of  workers  have  indicated  that 
fracture  toughness  decreases  with  increased  degree  of  ageing,  optimum  values  being  demonstrated  in 
relatively  underaged  tenders  (14,  15,  16).  In  this  respect  the  previously  mentioned  work  on  AA2091  sheet 
may  be  an  indication  of  the  direction  which  future  events  may  follow,  wherein  ageing  of  recrystallised 
sheet  to  'medium  strength'  levels  will  become  the  norm,  the  reduction  in  strength  at  the  55°  orientation 
being  considerably  less  than  that  achievable  by  any  degree  of  overageing  of  unrecrystallised  material  and 
without  the  associated  deleterious  effects  upon  other  properties.  Further  studies  to  this  effect  are  in 
progress  at  WHL,  together  with  parallel  investigation  on  producing  'medium  strength'  properties  in 
recrystallised  AA8090  sheet. 
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Figure  18.  Effect  of  different  ageing  treatments  upon  anisotropy  in 
unrecrystallised  AA8090-T8  sheet. 


As  with  AA2091  subsequently  aged  to  the  'damage  tolerant'  temper,  it  is  the  intention  to  cold  form 
unrecrystallised  AA8090  sheet  in  the  T3  temper  in  order  to  retain  the  post-solution  heat  treatment 
stretch.  Forming  trials  on  this  alloy  have  been  carried  out  and  the  material  has  behaved  satisfactorily. 
However,  it  should  be  noted  that  the  metal  in  question  had  been  manufactured  approximately  one  year  prior 
to  testing  and  although  it  is  not  expected  that  longer  term  natural  ageing  would  have  any  effect,  this 
cannot  be  confirmed  at  the  moment.  Sheet  from  the  aforementic  batch  has  been  isolated  and  further 
forming  trials  will  be  carried  out  in  a  few  years  time.  In  the  eve  it  that  re-solution  heat  treatment  is 
necessitated,  trials  have  been  carried  out  to  assess  the  effect  upon  properties.  Figure  19  illustrates 
typical  results  and  show  a  significant  drop  in  0.2X  PS  values  upon  re-solution  treatment  values  of  TS  are 
less  affected  and  are  similar  for  both  alloys  while  AA2091  exhibits  significantly  higher  ductilities. 
Figure  20  shows  Transmission  Electron  Micrographs  of  AA2091  sheet  and  confirm  that  removal  of  the 
stretch-induced^  dislocation  network  inhibits  widespread  fine  S-phase  precipitation,  coarser  particles  oi 
which  form  predominantly  upon  helical  dislocations  formed  during  quenching:  similar  features  were 
exhibited  by  the  AA8090  sheet. 
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Figure  19.  Longitudinal  mechanical  properties  of  stretched  and  re-solution 
treated  AA209I  and  AA8090  sheet  prior  to  ageing  24h  at  183*C  (T8 
and  T62  respectively). 
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Figure  20.  Transmission  Electron  Micrographs 
showing  differing  S-Al2CuMg  precipitation  in 
AA2091  sheet  (a)  stretched  and  aged  24h  at 
185°C  to  achieve  T8  temper,  (b)  re-solution 
heat  treated  and  aged  24h  at  185°C  to  achieve 
T62  temper 

Fatigue  testing  of  unrecrystallised  AA8090  sheet  is  in  progress  and  some  of  the  data  generated  so  far  is 
shown  in  figure  21.  Compared  to  BS  L157,  the  aluminium  lithium  alloy  appears  superior,  particularly  at 
the  lower  applied  stress  levels,  and  again  substantiates  claims  of  lower  fatigue  crack  growth  rates  in 
these  alloyB.  Further  work  will  investigate  fatigue  behaviour  in  AA2U91  sheet  aged  to  the  'medium 
strength'  category  from  both  the  T3  temper  and  after  re-solution  heat  treatment.  The  effect  of  the 
latter  upon  unrecrystallised  AA8090  sheet  properties  will  also  be  studied,  as  will  test  pieces  cut  at  an 
angle  of  55°  to  the  rolling  direction. 

Forgings 

As  mentioned  earlier  in  this  paper,  there  is  considerable  scope  for  the  incorporation  of 
a luminium-lithium  forgings  in  the  EH101  airframe.  IXiring  the  past  few  years,  WHL  have  evaluated  a  number 
of  saa*>le  components  to  give  an  indication  of  the  feasibility  of  using  this  product  form,  in  addition  to 
gaining  an  insight  into  the  processing  parameters  necessary  to  obtain  optimum  mechanical  properties. 
Figure  2  shews  the  location  of  components  within  the  cabin  structure  which  will  be  changed  from 
AA7010-T7451  plate  (DTD  5130A)  to  aluminium-lithium  die  forgings.  Figure  22  shows  as-forged  and  machined 
sauries  of  the  latter  which  is  a  structural  side  member  recently  manufactured  for  WHL  in  alloys  AA809U, 
AA8091  and  AA7010.  The  forging  stock  consisted  of  round  billet  machined  from  a  cast  ingot.  After 
solution  treatment  the  forgings  were  cold  water  quenched  and  cold  confessed  nominally  3Z  prior  to  ageing 
for  20h  and  30h  at  175°C  for  AA8091  and  AA8090  respectively* 


Figure  22.  Aluminium-lithium  EH101  main  cabin  lift  frame  die  forgings  before 
and  after  machining  to  finished  dimensions. 


An  extensive  evaluation  programme  la  currently  in  progress  and  Is  comprised  primarily  ot  tests  to  assess 
static  tensile,  fatigue,  stress  corrosion,  i.G.  corrosion,  fracture  toughness  and  fatigue  crack  growth 
rite  behaviour:  these  will  be  coapleoented  by  full  metal lographic  and  analytical  studies.  The  adopted 
approach  to  the  programme  has  been  to  cut  each  forging  into  five  sections  of  approximately  equal  sire. 

The  extent  of  subsequent  testing  Is  indicated  by  examples  of  the  corresponding  sectioning  diagrams,  shown 
in  figure  23.  Extensive  tensile  testing  has  been  carried  out  to  fully  assess  the  variability  in 
properties  to  be  expected  from  a  forging  of  this  configuration  and  size. 


Figure  23.  Typical  sectioning  diagrams  for  EH101  main  cabin  lif:  frame  die 
f  orgings. 


Comparisons  have  been  carried  out  from  Identical  locations  within  the  three  alloys,  with  additional  tests 
on  AA7010-T7  45 1  plate  where  appropriate.  Space  does  not  permit  consideration  of  results  from  each 
specific  location,  but  instead,  the  general  trend  of  properties  is  presented  below. 

Reference  to  figure  23b  indicates  tnat  tensile  tests  were  taken  from  the  central  plane  of  the  forging  in 
order  to  assess  any  anisotropy  effects  which  may  be  present:  the  results  are  shown  in  figure  24.  With 
the  exception  of  a  noticeably  higher  longitudinal  0.2%  PS  in  AA  8091,  there  is  little  difference  in 
static  tensile  properties  between  the  two  aluminium-lithium  alloys.  Both  show  significant  anisotropy 
particularly  in  0.2%  PS  values,  with  minimum  levels  occurlng  at  20-30°  to  the  longitudinal  direction. 
The  geometrical  longitudinal  direction  was  generally  coincident  with  that  with  respect  to  grain 
structure.  This  is  in  contrast  to  the  corresponding  55°  angle  at  which  minimum  properties  generally 
occur  in  other  aluminium-lithium  product  forma  and  it  Is  interesting  to  note  that  a  33°  angle  measured 
from  the  long  transverse  direction  is  coincident  with  a  23°  angle  measured  from  the  longitudinal 
direction.  Although  confirmatory  teats  have  yet  to  be  carried  out,  it  may  be  that  metal  flow  in  the  long 
transverse  direction  during  forging  ia  analogous  to  that  occuring  in  the  longitudinal  direction  during 
manufacture  of  rolled  products  and  extrusions*  If  this  is  the  case,  then  similar  texture  effects  would 
be  expected  to  arise,  thereby  giving  strength  minima  at  the  angle  observed. 

Strength  values  in  the  AA7010  forging  appear  to  follow  a  similar  trend  as  above  but  to  a  much  lesser 
extent  and  although  the  0.2%  PS  of  the  aluminium  lithium  alloys  is  significantly  lower,  they  nevertheless 
generally  achieve  the  minimum  allowable  EH101  main  lift  frame  requirements  (S-values)  as  determined  by 
UHL  Stress  office  for  longitudinal,  long  transverse  and  short  transverse  directions.  As  with  the 
extrusions  discussed  earlier,  the  anticipated  use  of  higher  magnesium  levels  within  the  AA8090 
specification  range  would  be  expected  to  elevate  the  entire  0.2%  PS  curve  in  figure  24  to  higher  property 
levels. 
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Figure  24.  Mechanical  property  anisotropy  in  AA8U90,  AA8091  and  AA7U10  LH1U1 
die  forgings  (*  -  WHL  stress  office  minimum  requirements). 

Tensile  properties  in  longitudinal,  long  transverse  and  short  transverse  directions  have  been  measured 
from  numerous  locations  within  the  components.  Analysis  of  the  results  so  far  has  shown  noticeable 
property  variations  throughout  each  forging  but  which  do  not  appear  to  be  associated  with  any  particular 
location.  These  may  be  due  to  local  and  random  modifications  to  S-A^CuMg  precipitation  characteristics 
associated  with  differing  degrees  of  post-solution  treatment  cold-co^ression:  this  has  yet  to  be 
confirmed  and  is  the  subject  of  current  work.  Figure  25  shows  graphically  the  range  of  0. 2X  PS  and  TS 
levels  measured  as  a  function  of  ductility  in  relation  to  the  aforementioned  minimum  specified  property 
levels  for  Che  EH101  main  cabin  frame .  The  following  conclusions  may  be  drawn  from  the  work  to  date:- 

1)  The  considerable  degree  of  overlap  in  AA8090  and  AA8091  0.2X  PS,  TS  and  elongation  properties  is 
consistent  w.ch  the  corresponding  similarities  shown  in  figure  24. 

2)  For  a  given  location,  AA7010  ductilities  are  consistently  higher  than  corresponding  aluminium-lithium 
leve Is. 

3)  In  the  longitudinal  and  long  transverse  directions,  0.2X  PS  and  TS  values  of  the  AA7010  component 

overlap  with  those  at  the  upper  end  of  the  AA&090  and  AASU9I  ranges.  In  the  short  transverse 

direction,  AA7010  values,  in  most  cases,  clearly  exceed  those  of  aluminium-lithium. 

4)  Mininum  specified  0.  2Z  PS  and  TS  values  are  exceeded  by  AA8090  and  AA8091  in  nearly  every  case, 
although  corresponding  specified  ductility  values  are  not  always  achieved  in  the  longitudinal  and 
long  transverse  directions.  However,  these  lower  values  may  be  acceptable,  since  it  has  been  shown 
that,  unlike  'conventional'  aluminium  alloys,  low  ductilities  in  aluminium-lithium  do  not  necessarily 
correspond  to  low  fracture  toughness  properties  and  in  fact,  superior  values  have  been  measured  in 
the  new  alloys  (12).  Tests  are  In  hand  to  confirm  this  on  the  present  forgings.  Further,  enhanced 
ductility  would  be  expected  from  the  aforementioned  planned  higher  magnesium  levels  for  AA8U9U 
billet. 

5)  Comparison  of  AA8090  and  AA8091  property  ranges  in  figures  25  b/c  with  those  in  figures  25  eft 
indicate  that  T.S.  values  exceed  the  minimum  specified  requirements  by  a  noticeably  greater  degree 
than  corresponding  0.2Z  PS  properties.  The  implication  here  is  that  a  higher  mlnioum  TS  values  may 
be  specified,  particularly  In  the  ST  direction. 

Although  other  property  measurements  as  outlined  previously  have  yet  to  be  completed,  on  the  basis  of 
the  tensile  data  it  is  almost  certain  that  (a)  substitution  of  an  aluminium-lithium  alloy  into  the 
BH101  main  cabin  lift  frame  will  take  place  and  (b)  of  the  two  aluminium-lithium  alloys  studied, 
AA8G9Q  will  be  selected  for  use  on  production  aircraft.  This  is  fortuitous,  as  this  aiioy  is  the 
most  advanced  in  tern*  of  commercial  and  production  aspects  and,  metal lurgically ,  is  less  likely  to 
exhibit  some  of  the  less  desirable  features  associated  primarily  with  the  higher  copper  content  of 
AA8091,  such  as  greater  quench  sensitivity  and  Increased  susceptibility  to  corroslon/stress 
corrosion. 


Plgure  25. 


Summary  of  mechanical  properties  measured  on  AA8090,  AA8091  and 
AA7010  EH101  main  lift  frame  die  forgings  shoving  VBL  stress 
office  minimum  requirements. 


Preliminary  metallographic  and  f ractographlc  studies  have  commenced  upon  tested  tensile  specimens. 
Noticeable  differences  are  apparent  between  the  two  aluminium-lithium  alloys,  AA8U90  containing  a 
relatively  uniform  distribution  of  unrecrystallised  grains  of  a  flattened  but  cylindrical  appearance 
as  shown  in  figures  26  a,b,  and  which  exhibit  a  tensile  failure  mode  predominantly  of  intergranular 
fracture  lengthwise  along  the  grains  and  across  the  grain  ends  as  illustrated  in  figures  27a  and  27b 
respectively.  Significant  ductility  at  the  grain  boundaries  is  indicated  by  the  dimpled  appearance 
of  the  intergranular  facets  in  figure  27c  and  is  consistent  with  the  good  ST  elongation  values 
measured  in  this  alloy.  In  contrast,  the  AA8091  forging  contained  a  duplex  grain  structure  comprised 
of  i datively  coarse,  unrecrystallised  grains  but  surrounded  by  colonies  of  significantly  smaller 
grains  which  also  appeared  to  be  unrecrystallised,  figure  26,  c,d.  Corresponding  tensile  failure 
took  place  by  intergranular  fracture  primarily  through  the  latter  to  produce  fracture  surfaces 
similar  to  those  from  AA8090  but  which  exhibited  noticeably  less  dimpling  on  the  intergranular 
facets,  possibly  accounting  for  the  lower  overall  ST  ductility  of  AA8091  as  shown  in  figure  25f. 
Transmission  Electron  Microscopy  is  about  to  commence  to  relate  this  feature  to  the 
8  ubmi cros true ture. 


Figure  26.  Grain  structures  in  aluminium-lithium  die  forgings, 
(a)  and  (b)  AA8090  and  (c)  and  (d)  AA8091. 


Fatigue  testing  has  commenced  and  although  relatively  few  results  have  been  generated  so  far.  Initial 
indications  are  that  8090  and  7010  properties  are  essentially  the  same  at  Mgh  stress  levels,  but  those 
of  the  aluminium-lithium  alloy  are  marginally  superior  at  low  applied  stress.  This,  again,  is  in 
accordance  with  the  claimed  lower  fatigue  crack  growth  rates  of  aluminium-lithium.  Some  decree  of 
scatter  has  been  found  as  would  be  expected  in  attempting  to  generate  an  S-N  curve  using  specimens  from 
various  locations  within  a  forging.  Additionally,  in  order  to  derive  a  direct  comparison  between  the 
three  alloys,  specimens  will  be  tested  such  that  those  from  any  one  specific  location  will  be  subjected 
to  a  common  applied  stress,  thereby  reducing  any  effects  of  differing  grain  structure,  cold  compression, 
rates  of  quench,  etc.  Construction  of  an  eventual  S-N  curve  will  be  attempted  using  only  data  points 
from  locations  which,  after  post  failure  examination  of  corresponding  test  pieces,  appear  similar  in 
microstructure.  By  following  this  approach,  it  is  hoped  that  the  degree  of  scatter  may  be  minimised. 

CONCLUSIONS 

A  weight  saving  cost  analysis  of  the  potential  incorporation  of  aluminium-lithium  alloys  on  the  EH101 
helicopter  at  WHL  has  rejected  the  use  of  plate  and  extruded  bar  as  uneconomical,  but  has  shown  sheet, 
extruded  profiles  and  die  forgings  to  be  cost  effective.  As  a  result,  a  number  of  the  larger 
cooponents,  originally  intended  to  be  machined  items,  will  now  be  produced  as  aluminium-  lithium 
forgings.  Specific  EH101  components  in  alloys  AA8090  and  AA2091  have  demonstrated  satisfactory  and 
sometimes  superior  properties  to  those  of  the  'conventional*  aluminium  alloys  AA2014,  AA2U24,  AA7U75  and 
AA7010  currently  employed.  Accordingly,  extensive  use  will  be  made  of  the  new  materials  to  effect 
significant  weight  savings  and  which  will  lead  to  the  emergence  of  the  EH101  as  the  worlds'  first 
'aluminium-lithium*  helicopter. 


Figure  27.  Intergranular  fracture  from  aluminium  lithium  die  forgings  Ca)  AA8090  ST-fracture  surtace 
(b)  AA8090  L-f racture  surface  (c)  Dimpled  intergranular  facets  on  AA8090  ST  fracture  surface 
and  (d)  slightly  dimpled  AA8091  ST  fracture  surface. 


LIFE,  cycles. 


Figure  28.  S-N  curves  for  AA8090  and  AA7010  die  forgings. 
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SUMMARY 

The  potential  for  weight  savings  resulting  from  the  low  density  and  high  stiffness  of 
aluminum-lithium  (Al-Li)  alloys  led  McDonnell  Aircraft  Company  to  consider  Al-Li  alloys  for  use  on 
both  new  and  existing  aircraft.  The  successful  fabrication,  and  flight  testing,  of  several 
demonstration  parts  on  both  the  F-15  and  F/A-18  increased  interest  in  these  alloys.  In  support  of 
these  and  other  applications  of  Al-Li  plate  and  sheet,  the  mechanical  properties,  conventional 
formability  and  superplastic  formability  of  2090  and  8090  were  evaluated.  With  a  few  notable 
exceptions,  such  as  the  anisotropy  in  sheet,  these  Al-Li  alloys  were  comparable  to  conventional 
aluminum  alloys.  Chemical  processing  and  corrosion  resistance  of  2090  and  8090  were  also 
investigated  and  again  were  found  comparable  to  conventional  aluminum. 


INTRODUCTION 

A  study  [1]  at  McDonnell  Aircraft  Company  (MCAIR)  in  1978  showed  that  an  advanced  aluminum 
alloy  with  10  percent  lower  density  would  give  a  larger  weight  savings  per  aircraft  than  a  10% 
increase  in  strength  and  modulus  combined  (Figure  1).  With  the  introduction  of  the  current 
generation  of  aluminum-lithium  (Al-Li)  alloys,  which  are  8  to  10  percent  less  dense  than 
conventional  aluminum  alloys,  this  large  weight  savings  is  now  within  reach.  Al-Li  alloys  are 
superplastic  [2-4],  and  further  cost  and  weight  reductions  are  possible  through  designs  that  reduce 
the  number  of  detail  parts  and  fasteners.  MCAIR  has  thus  been  evaluating  the  Al-Li  alloys  2090, 
8090  and  8091  for  potential  applications  on  existing  and  future  aircraft.  These  three  alloys  can  be 
considered  production  ready,  although  not  all  mill  product  forms  are  available  for  all  of  the  alloys. 

Our  first  attempt  to  use  Al-Li  alloys  was  in  1986  when  these  alloys  were  considered  for  the 
three  upper  and  two  lower  wing  skins  of  the  F-15E.  Use  of  alloy  8090  for  these  wing  skins  would 
have  potentially  reduced  the  weight  of  each  aircraft  by  83  lbs.  (369  N).  However,  8090  could  not  be 
incorporated  into  the  F-15E  design  because  production  lots  of  plate  were  not  available  in  time. 

Subsequently,  the  2124-T851  upper  aft  inboard  wing  skins  on  the  F-15  Short  Takeoff  and 
Landing  Maneuvering  Technology  Demonstrator  (S/MTD)  were  replaced  with  wing  skins  made  from 
1.8  inch  (45.7  mm)  8090- T851  plate.  The  8090  wing  skins,  shown  in  Figure  2,  were  manufactured 
using  the  same  sequence  of  operations  as  the  2124  wing  skins.  The  8090  plate  was  machined  at 
Cleveland  Pneumatic  Corporation,  Tullahoma,  TN;  peen  formed  to  the  moldline  configuration  at 
Metals  Improvement  Company,  Pacoima,  CA;  fluorescent  penetrant  inspected  at  CED-TEK  Corporation, 
Los  Angeles,  CA;  and  finally,  sulfuric  acid  anodized/dichromate  sealed  at  Anadite  Corporation,  Los 
Angeles,  CA.  The  8090  wing  skins  were  then  drilled,  painted,  and  installed  on  the  S/MTD  aircraft. 
The  wing  skins  were  successfully  flight  tested  in  September  1986  (Figure  3). 

The  fabrication  of  the  8090  wing  skins  for  the  F-15  S/MTD  revealed  no  notable  differences  in 
the  response  of  this  alloy  to  machining,  peen  forming,  inspection  and  finishing  operations  normally 
performed  on  2124  plate.  In  a  parallel  machining  study,  face  milling  and  peripheral  milling  of  1.8 
inch  (45.7  mm)  8090-T851  plate  was  compared  with  7075-T7351  plate.  The  force,  horsepower  and 
tool  wear  during  these  operations  were  monitored  and  the  values  for  8090  were  equal  to  or  less  than 
those  for  7075-T7351.  No  special  tooling  or  setup  requirements  were  identified. 

Next,  eighteen  ALR  45/Detector  Access  Covers  for  the  F/A-18  (Figure  4),  normally  roll  formed 
from  7075-T6  alclad  sheet,  were  fabricated  without  difficulty  from  0.10  inch  (2.54  mm)  2090-T83 
alclad  sheet.  The  2090- T83  covers  were  roll  formed  and  then  chemically  milled  to  reduce  the  sheet 
thickness  and  produce  the  required  pocket.  The  chemical  milling  was  accomplished  using  a 
proprietary  MCAIR  solution  developed  for  2090.  Fabrication  was  completed  by  drilling  and 
countersinking  holes,  and  applying  an  exterior  moldline  finish  (Figure  5).  Plans  are  to  install  the 
covers  on  carrier  based  F/A-18  aircraft  and  evaluate  their  in-service  performance. 
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In  light  of  these  successes,  Al-Li  alloys  are  being  considered  for  use  on  the  next  generation 
F/A-18,  the  Hornet  2000.  Direct  substitution  of  Al-Li  alloys  for  conventional  aluminum  without 
redesign  is  being  considered  for  all  aluminum  structure  on  the  aircraft.  Figure  6  shows  applications 
for  which  Al-Li  alloys  are  considered  to  be  currently  ready  and  those  for  which  it  is  believed  that 
Al-Li  alloys  will  be  ready  by  1990.  This  breakdown  shows  that  the  applications  for  Al-Li  alloys 
having  the.  largest  potential  weight  savings,  sheet  applications  in  primary  structure  and  hand  and  die 
forgings,  will  not  be  realized  until  the  1990's. 

In  support  of  this  program  and  other  advanced  programs,  MCAIR  has  been  investigating  the 
mechanical  properties,  formability  and  secondary  processing  of  alloys  2090,  8090  and  8091. 

MECHANICAL  PROPERTIES 

It  has  been  reported  in  the  literature  [5]  that  the  experimental  Al-Li  alloys  had  anisotropic 
tensile  properties  in  sheet  products  because  of  the  large  amount  of  texture  in  sheet  coupled  with  the 
ease  of  planar  slip  in  Al-Li  alloys.  Minimum  values  of  yield,  and  ultimate  strengths  were  reported  at 
approximately  55°  from  the  longitudinal  direction.  The  maximum  tensile  elongations  were  also 
reported  to  be  at  55°  from  the  longitudinal  direction.  Proprietary  processing  and  aging  treatments 
[5]  which  make  the  tensile  properties  of  Al-Li  sheet  isotropic  have  been  developed  by  British  Alcan 
Aluminum  Ltd. 

Tensile  tests  were  conducted  to  evaluate  the  amount  of  anisotropy  in  available  2090  sheet. 
MCAIR  has  only  recently  been  able  to  obtain  8090  sheet  for  evaluation.  Measurements  of  tensile 
properties  of  0.063  in.  (1.6  mm)  and  0.100  in.  (2.5  mm)  ALCLAD  sheet  2090-T83  sheet  at  0°,  30°, 
45°,  60°  and  90°  to  the  rolling  direction  have  shown  that  the  minimum  properties  occur  between  45° 
and  60°  off  the  rolling  axis.  The  minimum  properties  differ  by  about  15  ksi  (103.4  MPa)  from  the 
maximum  properties.  This  difference  is  considerably  more  than  in  conventional  aluminum  alloys  as 
is  shown  in  Figure  7.  Unless  orientation  of  a  part  with  respect  to  the  rolling  direction  is  considered 
when  a  part  is  fabricated,  the  minimum  properties  of  2090  sheet  must  be  used  as  design  allowables. 
If  minimum  properties  are  used,  substitution  of  2090-T83  for  7075-T76  will  be  difficult. 

Current  MCAIR  designs  are  developed  using  the  minimum  properties,  which  occur  at  90°  to  the 
rolling  direction  in  conventional  aluminum  alloys,  without  requiring  special  orientation  of  the  part. 
Sheet  utilization  is  then  maximized  in  production  by  using  a  computer  generated  nesting  plan. 
Specifying  orientation  in  the  sheet  for  each  part  as  part  of  the  design  would  not  be  cost  effective  at 
MCAIR.  Hence,  we  feel  that  2090  can  be  directly  substituted  for  2024-T81  but  not  for  7075- T76. 

Anisotropy  was  also  evaluated  in  Al-Li  plate  and  was  found  not  to  be  a  problem.  Figure  8 
shows  that  the  anisotropy  in  the  ultimate  strength  of  8090-T8771  is  less  than  5  ksi  (34  MPa).  The 
minimum  tensile  strength  of  8090-T8771  plate  is  only  5  ksi  (34  MPa)  less  than  the  minimum  tensile 
strength  of  7050-T7451.  Potential  substitution  of  8090-T8771  for  7050-T7451  by  1990  seems 
realistic.  Currently  the  properties  of  8090-T8771  exceed  those  of  7075-T7351  and  direct 
substitution  of  8090  for  7075  plate  is  considered  viable  today. 

The  existence  of  a  lithium-depleted  layer  of  approximately  0.01  in.  (0.25  mm)  depth  on  the 
surface  of  Al-Li  alloys  following  exposure  to  various  environments  at  temperatures  of  930°F 
(500°C)  has  been  reported  in  the  literature  [6-8).  The  effect  of  this  layer  on  tensile  and  fatigue 
properties  was  investigated.  Specimens  were  fabricated  from  0.063  in.  (1.6  mm)  2090-T83  sheet. 
Half  the  specimens  were  chemical  milled  before  testing  to  remove  0.007  in.  ±  0.001  in.  (0.18  mm  ± 
0.03  mm)  per  side  and  half  were  tested  as  received.  The  averages  of  the  three  tensile  tests  in  each 
condition  are  shown  in  Figure  9.  No  differences  were  found  in  the  tensile  properties.  The  fatigue 
specimens  were  cycled  under  load  control  with  R-0.02.  The  results  of  these  tests  are  shown  in 
Figure  10.  Again  the  presence  of  the  lithium-depleted  layer  had  no  detrimental  effect  on  the 
material. 

FORMABILITY  OF  SHEET 

The  formability  of  2090  sheet  was  evaluated  in  both  the  AQ  and  T3  tempers.  2090-AQ  gives 
maximum  formability  and  2090-T6  properties  after  aging.  2090-T3  gives  maximum  strength  after 
aging  to  the  T8  temper. 

The  minimum  bend  radii  for  2090-AQ  achieved  in  brake  forming  were  smaller  than  for  2024-AQ 
or  7075-AQ  as  is  shown  in  Figure  11.  The  results  for  brake  forming  of  2090-T3,  -T6  and  -T8  are 
also  shown  in  Figure  11.  Again  2090  performed  at  least  as  well  as  2024  and  7075  in  the  same 
tempers.  Tight  bend  radii  help  minimize  weight  on  an  aircraft  by  minimizing  the  amount  of  material 
in  a  bend.  Al-Li  alloys  give  equal,  if  not  tighter,  bend  radii  than  conventional  aluminum  alloys,  so 
there  will  be  no  weight  penalty  in  bends  when  using  Al-Li. 

Several  production  parts,  normally  stretch  formed  from  2024-T3  sheet,  were  stretch  formed 
from  2090-T3  sheet.  Parts  were  formed  from  2024-T3  at  the  same  time  in  order  to  provide  a 
comparison.  The  2090-T3  was  judged  to  stretch  form  better  than  2024-T3.  2024-T3  failed  before 
the  part  was  completely  formed  more  than  once  under  conditions  where  2090-T3  formed  completely 
without  failure.  Less  displacement  of  the  tool  was  required  to  achieve  complete  forming  detail  for 
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the  2090-T3,  and  there  was  less  springback  with  the  2090-T3  than  2024-T3.  Stretching  in  both  the 
longitudinal  and  transverse  directions  was  performed.  The  best  results  were  obtained  when  the 
stretching  was  done  in  the  longitudinal  direction.  The  post-formed  T8  properties  of  both  alloys 
were  measured  after  aging.  The  lowest  2090-T8  properties  were  slightly  higher  than  the  lowest  i 

2024-T8  properties  as  shown  in  Figure  12.  I 

Hydroforming  of  stretch  and  shrink  flanges  was  investigated  using  the  form  block  and  blanks  in 
Figure  13.  2090-T3  and  -AQ  were  compared  to  2024-T3  and  -AQ.  The  blanks  for  2090  were  oriented 
in  the  longitudinal  (L),  transverse  (T),  and  45°  directions  as  shown  in  Figure  13.  Cracks  were 
observed  in  the  stretch  flange  where  the  joggle  joined  the  radius  Ri  in  all  the  2090-T3  L-blanks. 

These  cracks  were  not  present  when  the  blanks  were  removed  from  the  press,  but  seemed  to  occur  as 
the  formed  pieces  rearranged  themselves  after  forming  and  were  carried  around  the  shop.  The 
material  was  apparently  stretched  to  its  limit  in  this  location.  This  result  agrees  with 
measurements  of  maximum  tensile  elongations  for  the  different  directions  in  2090-T3.  The  L 
direction  has  a  tensile  elongation  of  only  10%  which  is  comparable  to  7075-0,  whereas  the  T  and  45° 
directions  have  tensile  o'-  igations  of  about  15%  which  is  comparable  to  the  tensile  elongation  of 
2024-T3.  The  strain  at  ->  ntersection  of  the  joggle  and  the  radius  Ri  was  estimated  to  be  8%. 

Hydroformed  shrink  .anges  in  2090-T3  and  AQ  had  slightly  less  wrinkling  than  similar  shrink 
flanges  in  2024-T3  and  AQ,  respectively.  This  result  was  expected  since  the  elastic  modulus  of 
2090  is  about  10%  greater  than  the  modulus  for  2024  and  wrinkling  of  the  flanges  is  the  result  of 
buckling. 

The  form  block  for  the  hydroform  trials  had  90°  angles  over  which  the  flanges  were  bent. 

Springback  of  the  flanges  was  measured  as  the  amount  by  which  the  flange  angle  deviated  from  90°. 

The  results  of  these  measurements  are  shown  in  Figure  14.  The  springback  in  the  2090  blanks  was 
not  affected  by  the  blank  orientation;  the  L,  T  and  45°  blanks  had  the  same  amount  of  springback  in 
each  temper.  There  was  less  springback  In  2090-AQ  than  in  2090-T3.  2090-T3  had  less  springback 
than  2024-T3,  while  2090-AQ  and  2024-AQ  had  the  same  amount  of  springback. 

SUPERPLASTIC  FORMING 

A  particularly  attractive  feature  of  Al-Li  alloys  is  that  they  are  superplastic  [2-4].  Combining 
the  lower  density  of  Al-Li  alloys  with  the  possibility  of  reducing  the  number  of  detail  parts  and 
fasteners  through  superplastic  forming  (SPF)  will  result  in  substantial  weight  savings.  For  this 
reason,  MCAIR  is  extremely  interested  in  superplastic  applications  of  Al-Li  alloys. 

The  superplasticity  of  2090,  8090  and  8091  was  characterized  by  forming  cones  approximately 
2.5  inches  (62.5  mm)  tall  and  2.5  inches  (62.5  mm)  in  diameter  at  the  base  as  shown  in  Figure  15. 

The  flow  stresses  in  Figure  16  for  a  particular  strain  rate  were  similar  for  all  the  materials  and 
were  comparable  to  the  flow  stresses  for  superplastic  7475  obtained  from  [9].  The  post-SPF  tensile 
strengths  of  2090  and  8090  SPF'ed  to  an  equivalent  thickness  strain,  %EQS  -  (t/tf  -  1)x100%  where 
t|is  the  initial  thickness  and  tf  is  the  final  thickness,  of  about  55%  and  aged  to  the  T6  temper  are 
shown  in  Figure  17.  These  properties  are  less  than  the  post-SPF  T6  tensile  strengths  of  7475-T6. 

Aluminum  alloys  cavitate  during  SPF  and  Al-Li  alloys  are  no  exception  [10].  Two  cones  each  of 
2090  and  8090  were  formed  with  a  400  psi  (2.76  MPa)  back  pressure  to  suppress  cavitation:  one  at 
a  constant  strain  rate  of  5x10  4/sec  and  one  at  a  constant  strain  rate  of  10  3/sec.  These  cones 
were  sectioned  and  the  density  of  the  material  was  measured  as  a  function  of  bkEOS.  The  densities 
were  then  converted  to  volume  percent  cavitation  using  the  rule  of  mixtures  and  assuming  that  all 
the  cavities  were  filled  with  air  during  the  density  measurements.  This  data  is  shown  in  Figure  18. 

The  400  psi  (2.76  MPa)  back  pressure  was  very  effective  at  suppressing  the  formation  of  cavities  in 
all  the  alloys  up  to  very  high  strains. 

One  of  the  difficulties  with  SPF  Al-Li  which  must  be  overcome  is  the  quench  distortion  of  the 
thin  SPF  parts.  This  is  especially  true  for  some  of  the  large  parts  which  may  be  SPF'ed.  8090  holds 
some  advantages  over  the  other  Al-Li  alloys  in  this  regard.  8090  is  SPPed  at  the  solution  heat  treat 
temperature.  8090  is  also  not  as  quench  sensitive  as  the  other  Al-Li  alloys.  A  water  quench  after 
solution  heat  treatment  is  not  needed  in  order  to  obtain  acceptable  tensile  properties.  Acceptable 
properties  can  be  obtained  with  an  air  cool  and  normal  age.  The  tensile  properties  for  8090  in  Figure 
17  are  from  specimens  which  were  air  cooled  then  aged. 

The  potential  of  SPF  8090  will  be  demonstrated  when  the  F-15  Air  Refueling  Receptacle  (ARR) 

Fairing  is  formed  and  flight  tested  later  this  year  (Figure  19).  The  ARR  Fairing  is  a  classic  example 
of  the  SPF  technology  in  that  three  separate  parts,  an  aluminum  casting  and  two  stretch  formed 
aluminum  parts,  will  be  formed  as  a  single  SPF  part. 

CHEMICAL  PROCESSING 

Secondary  manufacturing  operations  such  as  cleaning,  anodizing,  painting  and  chemical  milling 
were  investigated.  The  cleaning,  anodizing  and  painting  procedures  used  on  conventional  aluminum 
alloys  were  found  to  be  acceptable  for  Al-Li  alloys.  An  acceptable  surface  finish  of  55  RHR  was 
achieved  for  chemical  milling  of  8090  in  the  standard  sodium  hydroxide  etchant  with 
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triethanolamine  and  sodium  sulfide,  however,  the  etch  rate  was  20%  faster  for  8090  than  for 
conventional  alloys.  It  may  not  be  possible  to  mix  8090  with  conventional  aluminum  alloys  during 
processing  because  of  its  faster  etch  rate. 

Chemical  milling  of  2090  in  the  standard  etchant  resulted  in  a  unacceptable  surface  finish  of 
about  200  RHR.  A  non-standard  etchant  was  developed  for  2090  which  resulted  in  a  surface  finish 
between  30  and  90  RHR  on  2090  sheet  and  extrusion  (Figure  20)  including  the  F/A-18  access  covers 
mentioned  earlier.  The  modified  process  uses  the  same  chemical  tank  operating  temperature  and 
life  as  the  standard  process  and  does  not  require  extreme  process  control.  The  modified  chemical 
milling  solution  is  not  satisfactory  for  conventional  aluminum  alloys.  Consequently,  a  dedicated 
tank  will  be  required  to  chemical  mill  2090  on  a  production  basis. 

CORROSION  RESISTANCE 

The  corrosion  resistance  of  Al-Li  alloys  has  not  been  characterized  thoroughly.  Limited  studies 
at  MCAIR  have  shown  that  the  corrosion  resistance  of  these  alloys  is  comparable  to  that  of 
conventional  aluminum  alloys.  Limited  testing  at  MCAIR  on  pre-production  alloys  has  shown  that  Al- 
Li  alloys  are  more  resistant  to  corrosion  than  conventional  aluminum  alloys  in  finish  system  tests. 

The  resistance  of  8090-T851  and  2090-T8E41  to  pitting  corrosion  was  compared  to  that  of 
7075-T76  sheet  and  2124-T851  plate  in  SOj  salt  fog  exposure  for  32  days  (Figure  21).  Both 
conversion  coated  and  sulfuric  acid  anodized/dichromate  sealed  surfaces  were  tested.  The  results 
in  Figure  22  show  that  the  Al-Li  alloys  had  a  smaller  number  of  pits  per  square  inch  than 
conventional  aluminum  alloys  and  those  pits  were  not  as  deep  as  those  on  the  conventional  aluminum 
alloys. 

Stress  corrosion  cracking  (SCC)  around  interference  fit  fasteners  in  Al-Li  alloys  was 
demonstrated  to  be  no  more  of  a  problem  than  in  conventional  aluminum  alloys.  Various  fasteners, 
representative  of  the  types  of  fasteners  used  at  MCAIR,  were  used  to  fasten  a  2  in.  X  2  in.  (50  mm  X 
50  mm)  piece  of  7075  plate,  8090  plate,  2024  sheet  or  2090  sheet  to  a  similarly  sized  piece  of 
2090  extrusion.  Again  the  parts  of  these  specimens  were  sulfuric  acid  anodized/dichromate  sealed 
before  they  were  joined  together.  The  specimens  were  subjected  to  30  days  of  alternate  immersion 
in  salt  water.  This  test  also  demonstrated  that  there  would  be  no  corrosion  problems  when  Al-Li 
parts  are  joined  to  other  aircraft  structure  made  from  conventional  aluminum. 

Accelerated  laboratory  test  such  as  the  EXCO  (ASTM  G34)  and  MASTMASSIS  (ASTM  G85,  A2) 
tests  were  developed  to  determine  the  susceptibility  to  exfoliation  corrosion  of  conventional  2000- 
and  7000-series  alloys.  However,  the  results  of  these  accelerated  tests  for  Al-Li  alloys  have  not 
correlated  well  with  those  of  atmospheric  exposure  tests  in  sea  coast,  industrial  and  carrier 
environments  [11-12].  The  evaluation  of  the  in-service  performance  of  the  F/A-18  access  covers 
mentioned  earlier  in  a  carrier  environment  will  provide  further  information  on  the  extent  of 
correlation  between  the  accelerated  and  field  service  tests. 

FUTURE  WORK 

The  evaluation  of  Al-Li  alloys  at  MCAIR  to  date  has  been  very  limited.  While  these  initial 
studies  indicate  that  Al-Li  plate  and  sheet  are  very  similar  to  that  conventional  aluminum  plate  and 
sheet,  there  were  enough  differences  observed  that  in  order  to  put  Al-Li  alloys  into  production  on  a 
large  scale  more  thorough  investigations  are  needed  in  specific  areas.  For  instance,  all  of  the 
laboratory  corrosion  studies  reported  here  were  performed  on  material  which  had  not  undergone  any 
forming  operation  such  as  hydroforming  or  stretch  forming.  The  effect  of  the  cold  work  which  the 
material  receives  during  a  forming  operation  upon  the  corrosion  resistance  is  unknown.  Before  SPF 
Al-Li  sheet  is  used  extensively  in  production,  the  minimum  radii  which  can  be  superplastically 
formed  in  2090,  8090  and  8091  must  be  investigated. 

Very  little  work  has  been  done  on  Al-Li  extrusions  or  forgings.  These  are  two  important 
applications  which  must  be  addressed,  especially  since  the  weight  savings  potential  of  forgings  on 
the  Hornet  2000  (Figure  6)  is  second  only  to  primary  sheet  structure.  As  a  result,  MCAIR  in 
cooperation  with  Alcan  and  Weber  Metals,  Inc.,  will  investigate  the  potential  of  8090  hand  and  die 
forgings  during  the  coming  year. 

CONCLUSION 

Al-Li  alloys  have  the  potential  for  greatly  reducing  the  weight  of  fighter  aircraft.  This  weight 
savings  is  primarily  the  result  of  the  8  to  10  percent  lower  density  of  Al-Li  alloys  in  comparison  to 
conventional  aluminum. 

No  particular  manufacturing  problems  exist  for  Al-Li  alloys.  Al-Li  alloys  are  as  formable  in 
conventional  forming  operations  as  2000-  and  7000-series  aluminum  alloys  and  can  be  cleaned, 
anodized,  and  painted  just  like  conventional  aluminum  alloys,  though  for  some  operations  Al-Li  can 
not  be  mixed  with  conventional  aluminum.  The  superplasticity  of  Al-Li  alloys  is  a  significant 
advantage.  A  wide  range  of  applications  with  potentially  high  structural  efficiency  are  open  to  Al- 
Li  alloys  because  of  their  superplasticity. 
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Anisotropy  in  current  Al-Li  sheet  has  limited  the  application  of  sheet  to  secondary  structure 
only  because  the  minimum  properties,  which  occur  between  45°  and  60°  off  the  rolling  axis,  must  be 
used  in  the  design  of  Al-Li  structure.  This  anisotropy  may  also  show  up  in  other  product  forms  such 
as  extrusions  and  forgings  where  large  amounts  of  cold-work  may  result  in  a  highly  textured 
microstructure.  As  these  Al-Li  alloys  mature,  perhaps  this  anisotropy  can  be  eliminated  with 
special  mill  practices  such  as  the  one  developed  by  Alcan. 

Studies  on  the  Hornet  2000  for  direct  substitution  of  Al-Li  alloys  for  conventional  aluminum 
have  shown  that  the  applications  with  the  highest  potential  weight  savings  are  forgings  and  primary 
structure  applications  for  sheet.  Current  Al-Li  alloys  have  not  been  developed  sufficiently  to  make 
direct  substitution  in  these  areas  possible.  These  two  applications  are  where  MCAIR  would  like  to 
see  the  aluminum  suppliers  direct  their  efforts. 
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Figure  13.  Tool  and  Blank*  for  Hydro  forming  of  Stretch  and  Shrink  Flanges 


Figure  14.  Sprin^aack  Measured  on  a  Hydrofomwd  90°  Band 
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Figure  IS.  Siyetplaetlcalfy  Formed  Conaa  of  Alcan  9090 
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Conventional  Structure: 

•  A356  Investment  Carting 

•  2024-T62  Stretch  Form  Skin  Panel 

•  2024-T72  Stretch  Form  Skin  Panel 
«  Weight  Total  -  8.85  b 


SPF  Structure: 

*  Aluminum  Lithium  0090 
Superplastic  Grade 

•  Weight  Total  -  7.7 9  b 
(Projected  Production) 
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Figure  19.  FIS  Air  Refueling  Receptacle  Fairing,  Potential 
SuperpiaetlcaiJy  Formed  8000  Structure 


Figure  20.  Comparison  of  2090  Chemical  Milled  With  the  Standard 
Process  and  the  MCAJR  modified  Process 
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SUMMARY 

Commercial  aluminium-lithium  alloys  are  now  entering  service  use  and,  whilst  it  cannot  be  claimed 
that  they  are  yet  fully  achieving  their  maximum  potential,  it  is  now  appropriate  to  consider  the  limita¬ 
tions  to  their  further  development  and  the  possibilities  for  the  development  of  other  systems  and 
composites  based  on  light  alloys,  especially  suited  for  aerospace  structures. 

All  the  commercial  aluminium-lithium  alloys  presently  offered  have  been  designed  to  present  a 
reduction  in  density  and  an  increase  in  elastic  modulus  as  their  main  benefits  to  the  designers 
contemplating  their  application.  The  other  important  metallurgical  properties  of  the  alloys,  such  as 
strength  and  fracture  toughness,  have  been  matched  to  the  performance  of  existing  2 000  and  7000  series 
alloys. 

This  paper  considers  the  possibilities  for  further  density  reductions  and  increases  in  mechanical 
properties,  comparing  the  potential  improvements  with  those  offered  by  non-metallic  composites.  Three 
types  of  structure  are  considered  generically  namely  damage  tolerant  structure,  typified  by  a 
pressurised  fuselage  skin,  structure  limited  by  inadequate  material  stiffness  in  either  the  case  of 
aeroelastic  performance  or  resistance  to  buckling  and  structure  limited  by  currently  obtainable 
strength  levels  at  both  ambient  and  elevated  temperatures. 

It  transpires  from  the  following  brief  analysis  that  future  developments  may  well  have  to  be 
optimised  against  the  special  requirements  of  the  three  simple  categories  outlined  above  and  that  the 
simple  principle  underlying  the  development  of  the  conventional  aluminium-lithium  alloys  cannot  be 
extended  greatly. 


1  INTRODUCTION 

Table  1  lists  some  of  the  types  of  applications  now  being  considered  for  aluminium-lithium  alloys. 
Currently,  structural  parts  have  been  built  for  airworthiness  qualification  and  in  a  few  examples 
components  have  already  been  approved  for  use.  The  types  of  alloy  and  temper  known  to  the  author  to 
have  progressed  to  this  state  are  listed,  undoubtedly  more  examples  are  available.  It  can  be  seen  in 
Table  1  that  the  applications  have  been  broken  down  into  the  three  chosen  design  categories. 

Obviously  these  categories  are  not  necessarily  mutually  exclusive  in  the  sense  that  some  structure 
may  prove  to  be  critical  in  both  strength  and  damage  tolerance  for  example  and  again  significant 
quantities  of  structure  can  prove  to  be  limited  by  minimum  gauge  considerations. 

The  present  performance  and  potential  for  improvement  is  now  considered  for  each  of  the  design 
categories  necessarily  extracting  real  data  for  some  aluminium-lithium  alloys  however  it  is  not  the 
purpose  of  this  paper  to  contrast  the  relative  performances  of  these  commercial  variants  but  to  take  a 
forward  look  beyond  the  cautious  emergence  of  aluminium-lithium  as  a  major  structural  material. 

The  properties  of  the  current  aluminium-lithium  alloys  are  assessed  and,  where  appropriate, 
comparison  is  made  with  conventional  carbon  fibre  reinforced  composite.  The  potential  improvements 
offered  by  aluminium  alloy  basad  composite  materials,  including  those  based  on  aluminium-lithium  alloys, 
are  assessed  in  the  light  of  those  now  being  signalled  for  the  non-metallic  composites  and  the  possible 
role  of  magnesium  based  materials  is  discussed. 

2  DAMAGE  TOLERANT  MATERIALS 

Damage  tolerance  requirements  for  metallic  materials  comprise  a  balanced  mixture  of  strength, 
fracture  toughness,  resistance  to  fatigue  crack  growth  and  possibly  to  crack  initiation.  Throughout 
the  considerations  on  the  performance  of  metallic  materials  the  possibility  of  degradation  by  corrosive 
environments  has  to  be  considered.  Two  contenders  for  employment  as  damage  tolerant  aluminium- 
lithium  alloys  have  emerged  to  date,  these  being  2091  and  8090  in  appropriate  tempers  and  product  forms 
such  as  sheet  and  thin  plate.  The  micros tructures  and  tempers  of  both  alloys  have  been  adjusted  to 
attenqpt  to  achieve  the  balance  in  strength  and  fracture  toughness  offered  by  the  well  tried  conventional 
2024  alloy  on  the  basis  that,  although  2024  may  not  itself  be  the  optimum  damage  tolerant  material,  as 
the  incumbent  most  of  the  design  rules  and  considerations  for  aircraft  structure  have  been  based  on  the 
perceived  performance  of  2024  in  a  naturally  aged  condition. 

High  fracture  toughneas  is  required  of  a  damage  tolerant  aluminium  alloy  to  resist  the  catastrophic 
failure  at  limit  load  of  a  structure  containing  a  large  crack,  perhaps  as  large  as  the  spacing  of  ribs 
in  a  pressure  cabin.  At  the  same  time  the  alloy  must  be  strong  enough  to  prevent  plastic  deformation  at 
limit  load  or  tensile  failure  before  ultimate  design  load.  The  natural  relationship  between  the  yield 
and  ultimate  tensile  strengths  of  naturally  aged  2024  alloy  is  approximately  2:3  and  to  achieve  the 
required  balance  in  yield  end  ultimate  strength  of  the  aluminium-lithium  alloys  has  required  careful 
adjustments,  in  particular  the  yield  strength  (more  correctly  0.2X  proof  stress)  must  be  kept  low  to 
maximise  fracture  toughness  whilst  maintaining  a  high  ultimate  tensile  strength.  The  comparative 
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performance  of  the  two  contending  aluminium-lithium  alloys  and  2024  is  included  (Fig  1).  It  can  be 
seen  that  at  least  at  present  whilst  the  a luainium- lithium  alloys  compete  with  2024  reasonably  at  the 
low  strength  levels,  remembering  that  they  have  the  advantage  of  an  8Z-10Z  density  reduction,  they  fall 
short  of  the  performance  of  the  2XXX  series  alloys  as  the  strength  level  is  increased.  This  finding 
suggests  that  to  further  reduce  the  weight  of  damage  tolerant  structure  by  an  increase  in  working 
stress  levels  beyond  those  for  2024-13  will  find  the  aluminium- lithium  alloys  inadequate  in  fracture 
toughness.  Alternatively,  attempts  could  be  made  to  further  increase  the  levels  of  addition  of  lithium 
or  magnesium  to  the  aluminium- lithium  alloys  thereby  achieving  a  further  density  reduction.  Host 
efficient  of  these  would  be  an  increase  in  lithium  beyond  the  2.0Z-2.5Z  presently  employed  in  alloys 
such  as  2090,  2091  and  8090.  However,  a  brief  inspection  of  the  literaturel  reveals  that  further 
additions  of  lithium  especially  in  the  presence  of  other  alloying  elements  such  as  copper  or  magnesium 
will. reduce  fracture  toughness  rapidly  (Fig  2) .  This  suggests  that  to  achieve  weight  savings 
reconsideration  of  the  nature  of  damage  tolerance  requirements  will  be  needed. 

Resistance  to  the  growth  of  fatigue  cracks  is  also  an  important  contribution  to  damage  tolerance 
and  here  once  again  aluminium-lithium  alloys  have  improvements  to  offer  beyond  those  of  density 
reduction.  That  is  it  is  becoming  clear  that  the  new  alloys  do  possess  a  naturally  high  resistance  to 
fatigue  crack  growth  stemming  in  part  from  their  high  elastic  modulus  and  in  part  from  the  tortuous 
fatigue  cracks  that  are  produced  in  their  refined  microstructures  (Fig  3).  Because  the  reduction  in 
fatigue  crack  growth  rates  stems  in  part  from  the  propensity  to  planar  slip  found  in  the  aluminium- 
lithium  alloys  there  would  appear  to  be  little  room  for  further  improvements  beyond  those  already 
offered  by  2091  or  8090  other  than  perhaps  a  slight  further  reduction  in  density  or  increase  in 
strength  and  in  these  two  aspects  it  has  already  been  stated  that  the  current  alloys  appear  to  be 
optimised. 


The  aluminium- lithium  alloys  appear  to  differ  from  2024  in  the  particular  respect  of  a  reduced 
sensitivity  to  load  interaction  effects  and  the  pronounced  crack  retardation  found  with  2024  is 
seemingly  not  so  pronounced  with  aluminium-lithium  alloys.  This  may  prove  a  further  advantage,  not  yet 
quantified,  when  the  effects  of  gust  alleviation  techniques  are  realised  in  terms  of  the  reduction  in 
the  magnitudes  of  infrequent  major  tensile  gust  loads.  It  may  be  that  there  will  prove  to  be  some 
opportunity  to  optimise  the  resistance  of  aluminium-lithium  alloys  to  fatigue  crack  growth  under 
truncated  spectra.  However,  for  major  further  improvements  in  the  weight  of  damage  tolerant  structure, 
a  significant  change  in  the  construction  techniques  and  in  the  qualification  requirements  may  well  be 
necessary.  For  example  the  use  of  laminated  or  locally  reinforced  metallic  skins  may  well  provide  a 
major  step  forward.  For  example  the  improvements  in  resistance  to  fatigue  crack  growth  provided  by 
material  such  as  Arall^»3  tend  to  suggest  that  increased  working  stresses  could  be  accommodated  in 
fatigue  critical  structure.  Fig  3  includes  a  crack  growth  curve  produced  in  RAE^  for  a  laminate 
produced  using  aluminium-lithium  skins  reinforced  with  aramid  fibres.  Clearly  the  high  crack  growth 
resistance  of  the  aluminium-lithium  is  further  improved  by  the  fibre  reinforcement,  at  least  when 
stressed  longitudinally  and  the  density  of  the  laminate  is  significantly  reduced.  It  may  be  that 
future  damage  tolerant  structure  will  require  a  combination  of  conventional  alloy  skins  based  on  an 
aluminium-lithium  alloy  coupled  to  local  strap  reinforcements  or  crack  stoppers  made  from  adhesively 
bonded  fibre  reinforced  aluminium-lithium  laminates. 


3  MATERIALS  WITH  ENHANCED  STIFFNESS 

Large  proportions  of  aircraft,  weapon  and  space  structures  are  stiffness  critical  whether  in  terms 
of  resistance  to  bending  or  buckling  and  it  is  in  this  regime  that  the  aluminium  alloys  encounter  the 
most  challenge  from  the  non-metallic  con*>osite  materials  such  as  carbon  fibre  reinforced  plastic. 
Aluminium- lithium  alloys  improve  the  attractiveness  of  the  conventional  aluminium  alloys  quite 
significantly  in  this  respect,  but  there  is  some  scope  for  yet  more  dramtic  improvements.  Comparison 
with  the  fibre  reinforced  composites  [CFRP]  is  made  difficult  by  the  need  to  optimise  fibre  lay-ups  to 
suit  selected  pieces  of  structure.  In  this  analysis  therefore,  isotropic  aluminium  alloys  and 
variants  of  them  are  compared  with  quasi- iso tropic  lay-ups  with  selected  proportions  of  their  fibres 
lying  in  the  strhssing  direction.  A  constant  loading  of  60Z  volume  fraction  has  been  chosen  for  the 
CFRP  using  two  fibre  types,  the  existing  XAS  fibre  and  a  notional  improved  intermediate  modulus  fibre 
with  relative  stiffnesses  of  230  GPa  and  280  GPa  respectively. 

Comparison  (Fig  4)  of  the  specific  stiffnesses  [E/p]  of  the  conventional  aluminium  alloys  with 
the  XAS  type  CFRP  reveals  that  approximately  30Z  of  the  fibres  need  to  be  loaded  in  the  direction 
examined  to  match  the  conventional  alloy  stiffness.  The  improvements  achieved  with  conventional 
aluminium- lithium  alloys,  here  exemplified  by  8090,  require  slightly  more  than  33Z  of  the  fibre  to  be 
aligned  in  the  test  direction.  Since  a  quasi-isotropic  lay-up  of  fibre  may  well  require  25Z  of  the 
fibres  in  each  of  four  directions  0",  ±25°,  90*,  it  can  be  seen  that  conventional  aluminium  alloys 
compete  quite  well  in  isotropic  situations.  The  emergence  of  intermediate  modulus  fibres  has  improved 
the  competitive  position  of  the  CFRP  to  some  extent  such  that  8090  now  only  competes  up  to  a  level  of 
approximately  30Z  loading.  To  further  improve  the  competitiveness  of  the  conventional  alloys  it  may 
be  possible  to  maximise  the  specific  stiffness  by  choosing  a  rich  alloy  of  the  Al-Li-Mg  type  for 
example  Al-3ZLi-2ZMg,  originally  tested  in  RAE,  but  this  rich  light  alloy  still  produced  a  specific 
stiffness  of  no  more  than  33.5  GPa.  It  would  seem  more  attractive  to  combine  the  merits  of  the 
aluminium-lithium  alloys  with  those  of  the  isotropic  particle  reinforced  metal  matrix  composites 
[MHC].  To  this  end  samples  of  8090  alloy  reinforced  with  particulate  SiC  have  been  produced  in  RAE 
and  elsewhere  and  tested.  Although  by  no  means  optimised  it  is  clear  that  this  type  of  material  is 
capable  of  producing  specific  stiffnesses  of  the  order  of  45  GPa  requiring  nearly  55Z  of  the  fibre 
in  XAS-CFRP  to  be  aligned  in  the  examined  direction  or  42Z  of  the  IM  fibre  type.  Clearly  an  attractive 
option  if  the  other  properties  of  this  new  type  of  material  can  be  satisfactorily  balanced. 

There  remains  the  possibility  that  use  could  be  made  of  aligned  fibre  reinforcement  in  an 
aluminium  alloy  matrix  to  produce  extremely  high  specific  stiffness  at  least  in  the  aligned  direction. 
However,  although  such  a  material  would  be  competitive  with  fully  aligned  CFRP,  like  the  CFRP  it 
would  be  brittle  and  limited  to  totally  elastic  design  concepts.  This  may  be  most  effective  for 
coopressively  loaded  struts  but  likely  to  attract  punitive  safety  factors 
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in  structure  heavily  loaded  in  tension.  It  would  be  necessary  to  demonstrate  that  the  superior 
matrix  properties  claimed  for  the  metal  matrix  composites  do  in  fact  produce  a  better  transverse 
performance  and  greater  resistance  to  delamination  than  found  with  organic  matrices  so  that  punitive 
safety  factors  could  be  avoided  at  least  in  the  compressive  design  case. 

The  effects  of  iaq?roved  stiffness  on  the  resistance  to  elastic  buckling  can  be  studied  by 
comparing  the  specific  values  of  the  third  root  of  the  elastic  modulus.  It  is  at  once  apparant  that 
the  low  density  of  the  CFRP  produces  values  that  cannot  be  met  by  the  conventional  aluminium  alloy 
or  the  improved  reinforced  alloy  systems  (Fig  5),  However,  it  would  be  expected  that  the  metallic 
systems  could  be  used  in  a  post  buckled  condition  to  some  extent  as  long  as  plastic  deformation  was 
avoided.  This  makes  an  accurate  comparison  even  more  difficult.  It  is  evident  that  a  reduction  in 
the  density  of  the  matrix  material  would  be  most  beneficial  in  this  particular  category  and  in  any 
situation  where  mininum  gauge  requirements  may  dominate.  In  this  respect  the  attractiveness  of 
magnesium  alloys  as  a  matrix  becomes  self  evident  because  of  the  further  density  reduction  to  1.74  g/cc. 

4  HIGH  STRENGTH  MATERIALS 

Frequently  in  the  design  of  aerospace  structures  high  strength,  whether  in  tension,  compression 
or  shear,  is  required  to  achieve  low  parasitic  mass.  Increasingly,  consideration  is  given  to 
obtaining  high  performance  at  elevated  temperatures  to  accommodate  the  increasing  speed  of  the  vehicles. 
The  competitive  position  of  the  aluminium  alloys  in  terms  of  specific  strength  is  set  out  in  a  similar 
manner  to  that  for  specific  stiffness  (Figs  6  and  7)  except  that  high  strength  titanium  alloys  are  now 
added  to  the  picture  because  of  their  relatively  good  performance  in  this  category.  Similarly,  the 
high  strength  7000  conventional  aluminium  alloys  and  the  high  strength  8091  and  2090  aluminium-lithium 
alloys  are  chosen  as  the  natural  contenders  in  this  category.  It  would  seem  to  be  important  to 
develop  an  ultra-high  strength  aluminium- lithium  alloy  probably  only  in  the  form  of  thin  plate  to 
maximise  the  weight  saving  potential  in  upper  wing  skins  where  a  mixture  of  strength  and  stiffness 
is  required.  This  is  illustrated  by  the  8091  and  2090  high  strength  variants  in  comparison  with  the 
conventional  high  strength  7150  alloy  in  terms  of  both  specific  strength  (Fig  7)  and  specific  stiffness 
(Fig  4).  Fibre  reinforced  plastic  materials  are  not  used  to  their  ultimate  strength  because,  being 
sensitive  to  notches  and  environmental  degradation,  significant  safety  factors  have  to  be  employed. 

In  this  comparison  a  limiting  strain  of  0.5%  has  been  applied  for  the  tension  ca">e  and  a  more  severe 
level  of  0.4%  for  structure  loaded  in  compression  where  the  poor  resistance  to  delamination  can  also  be 
exploited.  Design  allowable  values  for  strength  are  quoted  for  the  metals. 

It  can  be  seen  (Figs  6  and  7)  that  the  conventional  aluminium  alloys,  including  those  containing 
lithium  compete  favourably  with  the  CFRP  especially  when  loaded  in  compression.  The  addition  of  SiC 
particulate  to  the  conventional  alloys  has  only  a  slight  benefit  to  the  specific  strength  levels 
obtainable  essentially  because  of  a  limitation  to  ductility  imposed  by  the  presence  of  the  brittle 
ceramic  phase.  The  potential  improvements  achievable  with  fibre  reinforced  metal  matrix  composites  are 
very  significant  provided  aligned  composites  can  be  exploited.  When  produced  as  a  quasi-isotropic 
material  they  show  no  real  benefit  at  all  (Fig  8). 

High  temperature  requirements  are  hard  to  define  because  material  choices  are  made  in  distinct 
steps.  That  is  aluminium  alloys  are  deemed  to  be  limited  in  application  touch  beyond  150°C  except  for 
extremely  short  high  temperature  exposures  and  the  next  common  selection  would  be  of  a  titanium  based 
alloy  capable  of  operating  to  perhaps  450°C.  Similar  quantised  steps  are  beginning  to  emerge  for  the 
non-metailic  matrices.  Fib  9  indicates  that  the  high  temperature  performance  of  the  conventional 
aluminium  lithium  alloys  will  not  differ  greatly  from  that  of  conventional  alloys  but  that  metal  matrix 
composites  of  both  the  particulate  reinforced  and  fibre  reinforced  types  could  show  some  distinct 
improvements  with  the  possibility  of  extending  the  working  range  of  the  aluminium  based  alloys  up 
towards  chat  for  the  titanium  alloys.  The  fracture  performance  of  these  metal  matrix  composites 
would  have  to  be  improved  very  considerably  to  compete  with  the  high  levels  of  strength  and  fracture 
toughness  achieved  by  the  conventional  titanium  alloys,  but  very  significant  increases  in  specific 
stiffness  would  be  naturally  obtained., 

5  DISCUSSION 

The  arguments  developed  in  this  paper  are  based  on  real  data  currently  available  and,  whilst  it 
is  more  than  possible  that  material  improvements  may  change  the  balance  of  attractive  properties,  some 
of  the  conclusions  would  seem  inescapable.  It  would  seem  that  the  newly  emerging  metal  matrix 
composites  will  have  little  to  offer  in  t  ••.ms  of  a  material  for  damage  tolerance  applications, 
because  of  a  deterioration  in  fracture  cosiness.  In  this  special  category  the  best  possible  light¬ 
weight  combination  of  materials  may  well  be  offered  by  an  aluminium-lithium  skin  and  stringer  combi¬ 
nation  possibly  with  crack  stoppers  exploiting  tne  advantages  of  aligned  fibre.  The  extent  to  which 
reliance  could  be  placed  upon  fibre  reinforcement  techniques  being  very  dependent  on  the  design  of  the 
structure  in  question. 

To  continue  to  compete  in  the  structural  category  dependent  upon  high  specific  stiffness  will 
require  very  significant  improvements  from  the  metallic  matrix  materials  because  of  the  developing 
performance  of  carbon  fibre  reinforced  plastic.  To  the  author,  the  most  attractive  option  would  seem 
to  be  to  extend  the  high  specific  stiffness  of  the  aluminium- lithium  alloys  by  the  addition  of 
particulate  ceramic  reinforcement.  It  being  judged  most  important  to  maintain  an  isotropic  mechanical 
performance.  Particular  attention  needs  to  be  focussed  on  the  fracture  toughness  of  such  materials 
which  has  been  found  to  be  lower  than  that  for  conventional  alloys  of  similar  strength.  It  may  be 
argued  that  the  use  of  CFRP  would  be  a  more  cost  effective  route  to  comparable  weight  savings  than  the 
use  of  metal  matrix  composites  of  high  initial  price.  It  would  seem  that  the  cost  of  manufacture  of  the 
two  types  of  composite  will  be  the  crucial  issue.  It  would  be  a  major  benefit  if  conventional  metallic 
practices  could  be  established  for  the  metal  matrix  composites. 


In  terms  of  materials  with  high  specific  strengths,  the  advent  of  metal  matrix  composites  would 
appear  to  be  of  dubious  value  especially  when  a  required  balance  of  strength  and  fracture  toughness  is 


considered.  It  would  seem  that  ultra-high  strength  aluminium  alloys  of  the  7000  and  possibly  the 
aluminium- lithium  types  will  remain  the  dominant  choice  for  some  considerable  time.  However,  this 
consideration  changes  when  higher  operating  temperatures  are  in  demand  in  which  case  the  use  of  ceramic 
reinforcement  of  both  fibrous  and  particulate  forms  would  appear  to  have  much  to  offer. 

6  CONCLUSIONS 

i  It  is  concluded  that  the  concept  of  a  general  increase  in  performance  of  aluminium  alloys  beyond 
the  level  presently  offered  by  the  emerging  aluminium-lithium  alloys  will  be  difficult  to  achieve  and 
rather  that  new  light  alloy  sustems  will  need  to  be  designed  for  restricted  selected  purposes. 

ii  Possible  trends  for  future  development  in  damage  tolerant  material  would  appear  to  include  fibre 
reinforced  laminates  based  on  aluminium- lithium  skins  to  maximise  weight  savings  in  crack  stoppers  and 
fatigue  critical  structure. 

iii  There  would  appear  to  be  considerable  scope  to  increase  the  specific  stiffness  of  the  metallic 
matrices  to  compete  more  favourably  with  fibre  reinforced  non-metallic  composites.  The  use  of  particu¬ 
late  reinforcement  in  an  aluminium-lithium  matrix  or  a  magnesium  alloy  matrix  would  seem  most 
attractive. 

iv  Whilst  ultra  high  strength  applications  of  aluminium  alloys  will  continue  to  require  the  application 
of  the  7000  series  alloys  and  possibly  the  emerging  high  strength  variants  of  aluminium-lithium,  it 

may  be  possible  to  exploit  the  significant  improvements  offered  by  ceramic  reinforcement  of  light 
alloy  matrices  to  increase  operating  temperatures  significantly  above  present  light  alloy  limits. 
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TABLE.  1 

POTENTIAL  APPLICATIONS  FOR  ALUMINIUM-LITHIUM  ALLOYS 
IN.  SELECTED  TEMPERS  AND  PRODUCT  FORMS 


POTENTIAL  APPLICATIONS  PRODUCT  FORMS 


ALLOYS 


DAMAGE  TOLERANT  STRUCTURE 
FUSELAGE  SKIN  AND  WING  SKIN  THIN  PLATE  AND 
FOR  TRANSPORT  AIRCRAFT  AND  RECRYSTALLISED 
HELICOPTERS  SHEET 


2091 -T81 
8090-T81 
8090-T8151 


STIFFNESS  CRITICAL  STRUCTURE 


DETAILED  FORMED  PARTS  AND  SPF 
PARTS.  SKINS  FOR  FLYING  CONTROL 
SURFACES.  STRINGERS  FOR 
AIRCRAFT  AND  HELICOPTERS. 

WING  SKINS  FOR  CIVIL  AIRCRAFT 
AND  SPACE  STRUCTURE  SKINNING 


RECRYSTALLISED  AND 
UNRECRYSTALL I SED 
SHEET  IN  MEDIUM  AND 
HIGH  STRENGTHS 
EXTRUSIONS.  PLATE 


**2090-T8E50 
2091-T8X/T8 
8090-T6/T8 
2091 -T81 
8090-T651 
8090-T8771 


STRENGTH  CRITICAL  STRUCTURE 
FRAMES,  RIBS,  SPARS  STRETCHED  PLATE 

UNDERCARR I  AGE  PARTS  FORG I NGS 

FLOOR  BEAMS  EXTRUS I ONS 

STRETCHED  SHEET 


**  Several  tempers  available 


**  2090-T8E41 
8090-T8771 

8090- T652 

8091- T6 
2091-T81 
8090-T651 


FIG. 1  PLANE  STRESS  FRACTURE  TOUGHNESS  OF  DAMAGE  TOLERANT  SHEET 
2091  AND  8090  ALLOYS  COMPARES  WITH  2024  AND  2014  ALLOYS 
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FIG. 4  SPECIFIC  STIFFNESSES  FOR  ALLOYS  AND  COMPOSITES 
Typical  Values  for  the  Longitudinal  Testing  Direction 
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HIGH  PERFORMANCE  POWDER  METALLURGY 
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ABSTRACT 

The  historic  development  of  aluminum  powder  metallurgy  dates  back  to  the  early  1900's  with  initial  flake  powder 
production  and  has  matured  to  the  present  day  production  of  viable  aerospace  alloys.  Primary  powder  production 
and  processing,  techniques,  such  as  atomization  and  mechanical  alloying  are  reviewed.  Processing-micros tmeture- 
property  relationships  in  four  classes  of  high  performance  powder  metallurgy  (P/M)  aluminum  alloys  are 
considered.  These  are  (i)  high  strength  alloys  (Al-Zn-Mg-Cu-Co);  (ii)  high  specific  modulus  alloys  (Al-Li-Cu); 
(iii)  high  temperature  alloys  (Al-Fe-Co,  Al-Fe-Ni);  (iv)  mechanically  alloyed  material  (Al-Mg)  and  composite 
alloys.  Direct  property  comparisons  with  counterpart  ingot  metallurgy  alloys  are  presented  where  ever  appropriate. 
Aluminum  powder  metallurgy  alloy  development  is  now  at  a  mature  stage  of  growth  where  commercial  and 
aerospace  application  are  being  sought  and  developed  in  competition  with  traditional  aluminum  ingot  metallurgy, 
titanium  and  composite  structures.  The  future  growth  and  development  of  these  alloy  systems  is  vested  in  reliable 
economic  processing. 

1.  INTRODUCTION 

1.1  Historic  Perspective  of  Aluminum  Powder  Metallurgy  Alloys 

One  hundred  years  ago.  Hall  and  Heroult  independently  discovered  a  process  to  produce  aluminum  by 
electrolysis.  This  refining  technology  opened  the  door  for  economical  production  of  the  light  metal  and  initiated  a 
search  for  new  applications.  Use  of  aluminum  as  powders  began  when  flake-type  aluminum  powder  was 
manufactured  in  the  early  1900's  by  milling  or  attriting  thin  sheets  into  tiny  flakes  which  were  used  as  a  pigment  in 
paint  formulations.  Introduction  of  the  atomization  process  in  the  1920’s  provided  for  a  more  efficient  production 
process  and  marked  a  new  era  in  aluminum  powder  production.  This  process,  coupled  with  the  beginning  of 
World  War  II  and  the  development  of  aluminized  high  explosives,  created  a  major  market  for  atomized  aluminum 
powder.  Subsequently,  atomized  aluminum  powder  has  found  commercial  applications  in  diverse  areas  of 
technology.  A  partial  tisting  includes:  pigments  for  paints  and  roofing,  commercial  blasting  materials,  reducing 
agents  for  the  manufacture  of  metals  and  alloys,  pharmaceuticals,  cellular  concrete,  pyrotechnics,  chemicals  and 
rocket  propellants.  Furthermore,  the  commercial  viability  of  low  cost  pressed  and  sintered  aluminum  powder 
metallurgy  parts  emerged  in  the  1960‘s,  resulting  in  a  further  expansion  of  the  powder  metal  market  into  near-net 
shape  components.  The  historic  development  of  precipitation  and  dispersion  alloys  are  shown  in  Tables  1  and  2, 
respectively.  The  dispersion  alloys  can  be  categorized  into  five  classes:  high  temperature  alloys,  low  density 
alloys,  high  modulus  alloys,  mechanically  alloyed  materials  and  metal  matrix  composites.  In  contrast,  the 
precipitation  alloy  systems  are  more  conveniently  categorized  by  alloy  chemistry  or  alloy  codes  e.g.  2000,  7000 
scries,  etc.  Several  referenced  review  articles  summarize  the  development  of  powder  aluminum  alloys. 

Fully  dense  dispersion  alloys  are  reviewed  [Towner  1961]  where  aluminum  powders  were  first  utilized  for 
wrought  components.  Sintered  alupinum  products  (SAP)  utilized  AI2O3  dispersions  to  improve  the  high- 
temperature  strength  of  parts  consolidated  from  milled  aluminum  powder.  During  this  period,  experimental  work 
on  atomized  aluminum  powders  containing  high  solute  contents  was  initiated  which  provided  the  genesis  of 
research  on  current  aluminum  P/M  alloys.  These  alloys  utilized  the  benefits  derived  from  rapid  solidification  which 

include  alloying  flexibility,  increased  solid  solubility  limits,  fine-scale  microstructures,  and  compositional 
homogeneity,  worn  the  embryonic  research  efforts  emerged  several  types  of  alloy  systems.  The  alloy  systems 
created  can  be  classified  into  dispersion  strengthened  alloys,  precipitation  systems  or  hybrid  systems  e.g. 
mechanically  alloyed  or  composite  reinforced  systems.  The  dispersion-strengthened  aluminum  P/M  alloys  contain 
fine  dispersions  of  relatively  insoluble  intermetallic  phases.  These  alloys  have  good  elevated  temperature  strength, 
thermal  stability,  wear  resistance  and  exhibit  a  high  elastic  modulus.  An  example  of  this  type  of  alloy  system  is  the 
Al-Fe-X  alloys  where  X  represents  a  variety  of  elements  which  form  a  high  volume  fraction  (e.g.  5  to  40  percent) 
of  intermetallic  aluminide  phases  in  a  low  solute  aluminum  matrix. 

A  major  class  of  alloy  developed  along  the  lines  of  traditional  heat-treatable  2XXX,  e.g.  Al-Cu  and  7XXX,  e.g. 
Al-Zn-Mg  ingot  metallurgy  compositions.  In  this  case,  rapid  solidification  resulted  in  the  ability  to  produce  a  fine 
grain  size  and  refined  micros  true  ture  and  resulted  in  an  alloy  with  combinations  of  /Strength,  fracture  toughness  and 
corrosion  resistance  that  exceeds  ingot  alloys.  As  these  alloy  systems  are  being  developed  for  commercial 
applications,  alloys  including  Al-Li  for  lower  density  and  metal  matrix  composites  for  greater  stiffness  are  currently 
being  explored.  In  many  cases,  the  alloy  chemistry  corresponded  to  traditional  alloys.  However,  alloy  design 
efforts  are  seeking  modifications  based  upon  the  benefits  of  rapid  solidification.  Previously,  the  application  of 
highly  alloyed  systems  via  conventional  solidification  approaches  has  been  hindered  by  the  limited  ductility  and 
strength  as  a  result  of  coarse  second  phase  constituent  intermetallics.  Given  the  attributes  of  the  powder  processing 
approach,  an  opportunity  exists  to  develop  novel  and  high  performance  alloy  chemistries  for  improved  strength  and 
reliability.  The  benefits  derived  from  aluminum  powder  metallurgy,  Figure  1,  are  appropriate  to  the  aerospace 
industry. 


Apart  from  the  considerations  of  alloy  chemistry,  emphasis  has  been  directed  to  processing  of  the  powders  i.e. 
powder  degassing,  consolidation,  and  secondary  operations,  e.g.  extrusion  and  heat  treatments.  In  addition  to 
development  of  alloys  for  high  performance  structural  applications,  rapidly  solidified  particulate,  in  the  form  of 
powder,  ribbon,  or  altrited  flake  must  be  consolidated  to  full  density.  In  order  to  maximize  mechanical  properties, 
retention  of  the  benefits  from  rapid  solidification  during  subsequent  den&ification  and  thermomechanical  processing 
of  the  wrought  product  is  an  important  consideration.  Therefore,  procedures  must  be  carefully  designed  in  order  to 
maintain  the  refined  structure  and  its  inherent  benefits.  During  the  last  ten  years  advances  in  powder  processing, 
i.e.  hot  isostatic  pressing,  extrusion  and  mechanical  alloying  has  aided  the  progress  of  aluminum  powder 
metallurgy  processing.  To  this  end,  development  of  alloys  for  high  performance  structural  applications  rapidly 
solidified  particulate,  in  the  form  of  powder,  ribbon,  or  attrited  flake  have  been  consolidated  to  full  density  with 
excellent  mechanical  properties. 

1.2  Powder  Production  Tcthmauw 

The  development  of  aluminum  powder  metallurgy  was  aimed  at  producing  high  quality  powders  coupled  with 
improved  processing.  The  factors  which  influence  powder  production  include  solidification  rate,  melt  chemistry, 
atomizing  gas  content  and  pressure.  In  an  effort  to  produce  high  specific  strength  and  high  specific  modulus 
alloys,  alloy  chemistries  can  be  modified  to  provide  higher  solute  contents  to  reduce  density  and  increase  modulus, 
Figures  2  and  3.  Density  reductions  can  be  achieved  with  lithium,  magnesium,  boron,  beryllium  and  silicon,  while 
elements  which  significantly  contribute  to  modulus  are  lithium,  manganese  and  cobalt. 

Duwcz  (1963)  and  Duwez.  and  Willens  (1967)  initially  developed  techniques  to  produce  rapid  solidified  structures 
with  solidification  rates  in  excess  of  10^  K/s.  Solidification  rates  in  excess  of  10*  -  10^  K/s  have  been  produced 
via  atomization  through  a  number  of  approaches.  Hie  benefits  involve: 

-  finer  grain  size,  dendrite  arm  and  eutectic  spacing 

-  extension  of  terminal  solid  solutions 

-  morphological  changes  of  micros tructure 

-  metastablc  phase  formation 

-  vacancy  supersaturation 

The  available  solidification/atomization  techniques  range  in  dendrite  arm  spacing  and  cooling  rates  as  indicated  in 
Table  3.  In  addition  to  the  effect  of  solidification  rate  on  dendrite  arm  spacing.  Figure  4,  die  extension  in  solid 
solubility  was  pioneered  and  shown  for  several  binary  aluminum  alloys  by  Jones  (1978), Table  4.  The  developed 
atomization  techniques  for  aluminum  alloys  have  included  gas  atomization,  centrifugal  atomization,  rotating  cup, 
rotating  electrode  process,  single  and  double  roll  quenching,  ultrasonic  gas  atomization,  the  Osprey  process  and 
solubility  gas  process.  Following  production  of  alloy  powders,  secondary  processes,  i.e.  mechanical  alloying 
combining  carbide  reinforcement  provide  opportunities  for  high  temperature  strength  and  modulus  improvements. 
The  refinement  of  microstructure  via  rapid  solidification.  Table  3  and  the  extension  of  solid  solubility  Table  4  are 
important  physical  features  of  the  process.  The  resulting  benefits,  i.e.  the  mechanical  property  improvement  versus 
weight  saving  demonstrate  the  utility  of  aluminum  powder  metallurgy  alloys  in  aerospace  applications,  Figure 
1. Commercial  techniques  for  aluminum  powder  production  and  processing  are  depicted  in  Figures  5  and  6.  A 
comparison  of  the  relative  sizes  of  microstructural  features  for  P/M  7000  series  aluminum  alloys  is  shown  in  Table 

The  atomization  process  can  be  considered  in  three  stages  (i)  molten  metal  processing,  (ii)  atomization  and  (iii) 
powder  handling,  and  each  stage  is  subject  to  powder  contamination.  In  the  molten  liquid,  the  liquid  temperature 
and  thermal  gradients  prior  to  atomization  must  be  controlled  in  order  to  minimize  the  size  of  primary  intermetailic 
phases.  During  atomization,  high  purity,  moisture  free  gases  combined  with  high  gas  pressure  inhibit  formation  of 
coarse  primarv  phases  and  undesirable  oxides  and  carbides.  The  final  stage  of  powder  handling  should  prevent 
contamination  from  organics,  moisture  and  foreign  particles.  Following  powder  atomization,  the  processing 
sequence  can  take  a  variety  of  routes  to  include  cold  compaction,  canning  of  the  powder  preform,  vacuum 
degassing,  hot  processing  or  extrusion  of  mill  products  of  forging  preform. 

The  goal  of  the  atomization  process  is  to  reduce  the  particle  size,  reduce  segregation  and  dendrite  arm  spacing. 
The  aluminum  powder  particle  must  be  consistent  with  clean  surfaces  and  free  from  contamination.  The  variation 
of  dendrite  arm  spacing  with  aluminum  powder  size  is  depicted  in  Figure  7  for  ultrasonic  gas  atomization  (USG  A). 
Powder  size  fraction  of  Fifty  microns  have  typical  dendrite  arm  spacings  of  two  microns.  The  particle  size  of 
aluminum  powders  can  vary  with  melt  superheat  and  atomization  pressure.  As  atomization  pressure  and  melt 
superheat  are  reduced,  particles  sizes  are  significantly  increased,  Figure  8,  e.g.  6.3  MPa  (900  psi)  and  720°C  yields 
250  microns  at  50%  retained  versus  8.75  MPa  (1250  psi)  and  720°C  which  yields  1 10  microns  at  50%  retained 
versus  8.4  MPa  (1200  psi)  and  820°C  which  yields  25  microns. 

Powders  for  press  and  sinter  powder  metallurgy  application  were  initially  developed  for  low  strength  structural 
components.  The  powders  typically  were  mixed  elemental  blend  with  admixed  lubricants  added  to  facilitate 
compaction.  Often,  the  sintering  operation  involved  a  liquid  phase  which  assisted  in  breaking  the  tenacious  particle 
oxide  film.  Close  control  of  the  sintering  atmosphere,  dew  point  and  temperature  were  essential  for  process  and 
property  optimization.  The  next  evolution  of  aluminum  powder  metallurgy  involved  preailoy  powders  which  were 
processed  into  full  density  billets  and  subsequently  hot-worked  in  order  to  improve  properties.  The  primary 
purpose  of  the  atomization  process  was  to  generate  an  extremely  fine  dendrite  arm  spacing.  The  fine  structure  with 
secondary  dendrite  arm  spacings  of  one  micron  promotes  rapid  homogenization  and  short  billet  soaking  times.  A 
three  millimeter  diameter  chill  cast  rod  with  a  ten  micron  secondary  dendrite  arm  spacing  can  be  homogenized  in  ten 
minutes.  In  comparison,  a  227  Kg  direct  chill  cast  ingot  with  a  secondary  dendrite  arm  spacing  of  fifty  to  one 
hundred  microns  requires  over  six  hundred  hours  to  homogenize.  In  summary,  the  refinement  of  the 
microstructure  was  directly  related  to  the  cooling  rates  from  tne  melt.  In  addition,  the  fine  dispersion  of 
intermetallics  promotes  strength  and  corrosion  resistance  f*  high  performance  structural  application. 
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2.  PROCESSING.  MICROSTRUCTURES  AND  PROPERTIES  OF  P/M  ALUMINUM  ALLOYS 

2.1.  Processing  of  P/MAIumiimm  Alloys; 

•The  particulates  produced  by  the  various  RSP  techniques  ultimately  have  to  be  consolidated  into  useful  forms. 
The  final  product  may  be  a  complex  P/M  shape  or  a  wrought  P/M  shape  such  as  a  sheet,  rod  or  plate.  In  either 
event  it  is  necessary  to  consolidate  the  particulate  to  full  density.  The  initial  definitive  work  in  this  area  was 
concerned  with  consolidation  of  7XXX  Series  aluminum  alloys  {Cebulak  et  al.  1976,  Lyle  and  Cebulak  1975]. 
Subsequently  these  consolidation  fundamentals  have  been  applied  to  the  other  class  of  aluminum  alloys. 

Basic  steps  involved  in  aluminum  alloy  particulate  consolidation  are  [Cebulak  et  al.  1976]: 

-  Cold  compaction 

-  Vacuum  preheating  and  degassing 

-  Hot  consolidation 

-  Hot  working 

-  Heat  treatment,  if  required. 

Common  processes  for  consolidating  Al  alloy  powders  art  shown  schematically  in  Figure  5.  Sufficient  degassing 
is  essential  in  order  to  have  a  fully  dense  consolidated  product.  If  insufficiently  degassed,  when  this  material  is 
exposed  to  a  sufficiently  high  temperature  either  during  heat  treatment  or  during  application,  the  moisture  and 
hydrogen  released  can  cause  blistering  in  the  product  and  the  pores  will  reduce  the  ductility  and  toughness  of  the 
material  as  they  are  a  source  of  fracture  initiation.  In  the  case  of  heat  treatable  alloys,  vacuum  degassing  is  usually 
performed  slightly  above  the  solution  heat  treatment  temperature.  On  the  other  hand,  too  high  a  degassing 
temperature  cannot  be  employed  for  risk  of  deteriorating  the  very  fine  microstructure  produced  by  rapid 
solidification  (RS);  e.g.  dispersion  strengthened  high  temperature  aluminum  alloys;  too  high  a  temperature  would 
coarsen  the  intermetallics  decreasing  the  alloy's  strength.  The  process  of  degassing  and  hot  extrusion  has  resulted 
in  considerable  coarsening  of  the  microstructure  as  compared  to  the  original  powder  microstructure.  Hence  there  is 
need  to  optimize  the  degassing  and  extrusion  temperature  for  the  alloy  system  under  consideration. 

Important  parameters  in  terms  of  integrity  of  the  consolidated  material  are  amount  of  reduction  and  the  hot 
working  temperature.  Due  to  the  presence  of  the  oxide  film  on  powder  particle  surfaces,  sufficient  reduction  must 
be  employed  in  order  to  break  up  the  film  and  establish  good  metal  to  metal  bonding.  The  hot  working  temperature 
is  critical  from  the  point  of  view  of  ease  of  deformation  and  undue  coarsening  of  the  microstructure.  Most 
commonly  employed  hot  working  operations  for  aluminum  alloys  are  forging  and  extrusion. 

A  more  recent  development  in  the  processing  of  aluminum  alloys  is  the  process  of  mechanical  alloying.  This 
involves  charging  the  atomized  aluminum  powder  into  a  high  energy  grinding  mill  where  it  is  subjected  to  a  ball 
milling  operation.  The  constant  fracturing  and  welding  of  the  composite  powder  particles  results  in  a  more  uniform 
final  product.  The  mechanically  alloyed  powder  is  consolidated  in  the  manner  described  earlier  in  this  section. 
Benjamin  and  Bomford  (1977)  compared  mechanically  alloyed  aluminum  with  conventionally  produced  SAP  and 
found  that  mechanically  alloyed  aluminum  containing  about  2.75%  to  5.4%  by  volume  of  dispersoid  had  strength 
levels  equal  to  or  better  than  SAP  containing  1 1 .5%  by  volume  of  dispersoid.  The  elevated  temperature  properties 
of  the  mechanically  alloyed  aluminum  was  also  superior  to  that  of  SAP.  The  improved  ambient  and  elevated 
temperature  properties  of  the  mechanically  alloyed  products  are  explained  by  the  very  fine,  evenly  distributed, 
equiaxed  AI2O3  dispersoid  as  opposed  to  the  flaky  and  inhomogeneously  distributed  dispersoid  of  conventional 
SAP.  Intermediate  P/M  billet  shapes  are  inherently  more  expensive  to  consolidate  than  the  cost  of  continuously 
casting  an  analogous  ingot  Hence,  wrought  Al  alloy  P/M  parts  suffer  a  cost  disadvantage  when  compared  to  their 
I/M  counterparts.  In  an  effort  to  reduce  this  premium,  a  number  of  innovative  "In  situ  consolidation"  processes 
(e.g.  spray  forming,  liquid  dynamic  compaction,  plasma  deposition,  etc.)  are  being  developed.  These  processes 
would  retain  the  RS  structure/property  advantages  but  bypass  the  usual  loose  powder  state  because  of  its  many 
complications  [Ronald  et  al.  1984], 

2.2  High  Strength  Aluminum  Alloys 

P/M  aluminum  alloys  for  aerospace  applications  have  been  based  on  the  I/M  7XXX  series  alloys.  Due  to  their 
high  strength,  toughness  and  good  corrosion  resistance,  these  alloys  have  been  used  extensively  in  aircraft 
structural  components  since  World  War  H.  The  7XXX  series  alloys  contain  Zn,  Mg  and  Cu  as  the  principal 
alloying  elements  with  minor  alloying  elements  such  as  Cr,  Zr,  Mn  and  Ti  which  may  be  present  in  amounts  of 
-0.1%  to  0.4%.  Impurities  such  as  Fe  and  Si  form  detrimental  insoluble  second  phase  particles  and  result  in 
anisotropy  of  ductility.  An  example  of  a  commercial  7XXX  series  alloy  is  the  alloy  7075  which  is  the  workhorse 
of  the  high  strength  aluminum  industry. 

Efforts  to  improve  the  toughness  of  the  I/M  7XXX  series  alloys  were  undertaken  in  the  late  1960's  and  early 
1970's  [Pickens  1981]  and  resulted  in  the  development  of  commercial  alloys  with  lower  Fe  and  Si  contents,  e.g. 
high  purity  alloys,  7050  and  7475.  Simultaneously,  various  thermal  mechanical  treatments  were  developed  to 
upgrade  these  alloys  through  microstructural  control.  The  resulting  microstructure  it  an  equiaxed  recrystallized 
structure,  compared  to  greatly  elongated  grains  that  produce  anisotropic  behavior  for  conventional  processing. 

P/M  technology  has  been  used  to  process  alloys  of  conventional  composition  with  an  improvement  in 
mechanical  properties.  For  example,  Voss  (1978, 1979)  investigated  alloys  2024  and  7075  made  both  by  P/M  and 
I/M.  He  found  that  P/M  reduced  the  grain  size  by  an  order  of  magnitude  and  the  constituent  particle  size  was 
decreased.  P/M  7075  also  had  improved  resistance  to  recrystallization  and  increased  strength-isotropy.  In  goieral, 
it  was  also  found  that  corrosion  and  fatigue  crack  initiation  resistance  are  improved  by  P/M  technology  Although 
the  conventional  compositions  produced  by  rapid  solidification  are  superior,  by  no  means  do  they  represent 
optimum  P/M  alloys.  Even  greater  gains  can  be  realized  by  modifying  alloy  composition  to  take  advantage  of  the 
full  potential  of  P/M  technology.  _  ^  _  „ 

The  first  generation  P/M  alloys  are  typified  by  the  alloys  X7090  and  X7091  [Ronald  et  al.  1984].  These  alloys 
were  developed  by  Alcoa  and  were  basically  modifications  of  the  I/M  7XXX  alloys.  Cobalt,  an  insoluble  element 
results  in  a  fine  uniform  dispersion  of  C02AI9,  which  produces  a  more  favorable  grain  morphology  giving  rise  to 
superior  combinations  of  strength,  toughness  and  stress  corrosion  cracking  resistance  compared  to  I/M  7075  and 
7050.  Alloy  7090  is  similar  to  7091  but  is  more  highly  alloyed  in  Co  and  Zn.  The  increased  Co  content  results  in 
a  higher  volume  fraction  of  the  C02AI9  dispersoids  which  together  with  the  higher  Zn  content  gives  the  alloy  a 
10%  strength  improvement  over  7891,  although  fracture  toughness  is  reduced.  Nominal  chemical  compositions  of 
some  high  strength  P/M  aluminum  alloys  are  listed  in  Table  6  along  with  the  composition  of  I/M  7075  and  7050  for 
comparison  purposes. 
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Kaiser  Aluminum  concurrently  developed  the  alloys  PM61  and  PM64  vis  a  vis  7090  and  7091  alloys. 
Basically,  the  Kaiser  alloys  are  similar  in  composition  but  in  addition  they  contain  0.2%  Zr.  The  Zr  is  added  for 
additional  grain  refinement  or  stabilization.  PM61  and  PM 64  are  melt  atomized  alloys  processed  by  powder 
metallurgy  techniques.  IN  CO  P/M  aluminum  alloys,  IN-9052  and  IN-9021  illustrate  the  high  strength  P/M  alloys 
develops  by  Novamet  using  the  mechanical  alloying  process.  IN-9052  is  a  non-heat-treatable  alloy  which  derives 
its  strength  from  Mg  solid  solution  hardening  and  dispersion  strengthening  due  to  a  fine  oxide/carbide  distribution, 
tn  addition,  ultrafine  grain  size  and  substructure  provide  strengthening.  Since  precipitation  hardening  is  not 
necessary,  the  alloy  has  excellent  general  corrosion  strength.  Precipitation  strengthening  adds  to  the  above 
strengthening  mechanisms  in  the  Al-Cu-Mg  alloy  IN-9021.  The  fracture  roughness  and  fatigue  resistance  of  IN- 
902  1  are  similar  to  IN-9052  but  it  possesses  higher  strength.  Some  propones  of  high  strength  wrought  aluminum 
P/M  alloys  are  compared  in  Tabic  10  with  I/M  7XXX  alloys. 

Continued  development  of  7XXX  P/M  alloys  has  led  to  the  second  generation  alloy  designated  by  Alcoa  as 
CW67  [Hildeman  et  al.  1986).  This  alloy  is  much  more  heavily  alloyed  in  Zn  (Table  6)  and  notable  improvements 
include  twice  the  fracture  toughness  as  7090  with  equivalent  strength.  CW67  is  expected  to  play  a  major  role  in  the 
continued  commercialization  of  7000  series  P/M  alloys  for  high  strength  aerospace  applications.  Typical  property 
levels  for  the  Alcoa  CW67  are  listed  in  Table  10  and  compared  with  existing  alloys.  Figure  10  compares  the  yield 
strength  versus  fracture  toughness  of  CW67  and  7090  and  7091.  While  alloy  and  process  development  efforts 
continue,  applications  are  being  actively  pursued. 


2.3  High  Specific  Modulus  Alloys 

Addition  of  Li  to  Al  reduces  density  and  increases  modulus.  A  1  wt%  Li  addition  increases  modulus  by  6% 
while  decreasing  density  by  3%.  As  Figures  2  and  3  show,  Li  has  the  most  beneficial  effect  on  aluminum.  These 
combined  property  improvements  make  Al-Li  alloys  extremely  valuable  to  the  aerospace  community.  Ai-Li  alloys 
have  been  investigated  for  the  past  several  decades  and  were  commercially  used  in  the  early  1960's  [Ronald  ct  al. 
1984,  Pickens  1981,  Tietz  and  Palmer  1981).  An  example  is  Alcoa’s  Al-Li-Cu  alloy  2020.  Due  to  its  lower 
fracture  toughness  and  its  ductility,  future  was  limited.  Strengthening  in  these  alloys  is  achieved  by  the 
precipitation  of  metastable,  coherent  and  ordered  d’  (AI3L1)  phase.  However,  upon  plastic  deformation,  these 
precipitates  are  sheared  by  dislocations  resulting  in  strain  localization  and  hence  lower  fracture  toughness.  Impurity 
elements  such  as  hydrogen,  sodium,  potassium  and  calcium  also  affect  fracture  toughness  by  virtue  of  forming 
harmful  phases  and  grain  boundary  segregation. 

In  addition  to  problems  associated  with  low  fracture  toughness,  powder  metallurgy  Al-Li  alloys  have  not 
attained  commercial  acceptability  due  to  problems  associated  with  melting,  casting  and  processing  of  Li  containing 
alloys.  Currently,  research  and  development  of  Al-Li  alloys  is  being  pursued  using  both  the  I/M  and  P/M 
approaches.  Rapid  solidification  techniques  such  as  P/M  with  its  inherent  advantage  of  finer  grain  size  and 
dispersoid  size  has  been  shown  to  promote  homogeneous  slip  and  improved  mechanical  properties. 

Alloying  elements  that  are  currently  added  to  Al-Li  alloys  are  Cu,  Mg,  Be  and  Zr.  Mechanically  alloyed  Al-Li 
and  Al-Mg-Li  alloys  containing  oxides  and  carbides  have  also  been  developed  and  have  good  mechanical 
properties.  An  attractive  feature  of  this  class  of  alloys  is  their  superplastic  behavior  which  makes  them  even  more 
interesting.  Table  8  lists  the  most  promising  Al-Li  based  alloys  along  with  their  mechanical  properties.  A  potential 
future  alloy  is  Al-Li-Be  based  allloys.  Be  also  improves  modulus  of  aluminum  while  decreasing  density. 
However,  there  are  handling  and  toxicity  problems  associated  with  Be  which  have  to  be  overcome. 


2.4.  High  Temperature  Alloys; 

2.4.1  Early  Dgyclogmeats; 

The  concept  of  using  aluminum  alloys  for  elevated  temperature  applications  dates  back  to  about  1950  when  oxide 
dispersion  strengthened  aluminum  was  developed.  At  that  time  in  Switzerland,  Irmann  [Irmann  1949,  Bloch  1961 ) 
discovered^  that  sintered  aluminum  had  mechanical  properties  similar  to  those  of  aluminum  alloys;  he  attributed  this 
enhancement  in  strength  to  the  presence  of  oxide  films  surrounding  the  individual  powder  particles  in  the  sintered 
material.  On  subsequent  cold  compaction  and  hot  working,  the  oxide  was  broken  up  and  distributed  as  small 
dispersoids  thereby  giving  rise  to  strengthening  of  the  aluminum  matrix.  These  materials  are  known  as  the  SAP 
materials,  i.e.  sintered  aluminum  products.  Subsequently  in  the  USA,  Alcoa  developed  a  range  of  oxide  dispersion 
strengthened  aluminum  materials  similar  to  SAP.  The  first  detailed  study  of  these  SAP  type  materials  in  the  United 
States  was  conducted  by  Lyle  (1952).  It  was  found  that  these  materials  had  high  room  temperature  strength,  of  the 
order  of  some  aluminum  alloys.  They  also  had  the  ability  to  retain  strength  after  prolonged  exposure  at 
temperatures  as  high  as  482°C.  Moreover,  strength  decreased  with  increasing  temperature  at  a  lower  rate  than 
conventional  aluminum  alloys  with  comparable  room  temperature  strength.  These  products  were  designated  APM 
Typical  room  and  elevated  temperature  tensile  properties  of  these  oxide  strengthened  aluminum  alloys  are  listed  in 
Table  9.  The  materials  designated  SAP  are  the  ones  developed  by  Aluminum-Industrie-Aktier-Gessellschafi 
(AIAG)  of  Switzerland  while  die  M  series  are  the  APM  products  of  Alcoa. 

The  previous  work  on  SAP  and  SAP  type  alloys  lead  to  the  development  of  other  types  of  dispersion 
strengthened  aluminum  alloys  in  which  intermetallic  compounds  constituted  the  dispersed  phase.  These  alloys  may 
be  expected  to  have  good  elevated  temperature  properties.  These  phases  are  difficult  to  add  directly  as  compounds 
because  of  poor  wettability  between  the  inteimetallic  and  the  liquid  or  solid  aluminum  matrix.  These  dispersoids 
can  however,  be  formed  in-situ  during  atomization  of  the  alloy  melt.  Such  particulates  are  termed  prealloyed 
powders  and  these  are  subsequently  compacted  and  hot  consolidated.  The  resulting  aluminum  alloy  differs  from 
SAP  and  SAP  type  materials  since  they  contain  deliberate  levels  of  alloying  elements  but  only  incidental,  and  to  a 
large  extent  detrimental,  oxides  at  a  levei  of  about  0.5  wt  %. 

Towner  (1958)  studied  several  alloys  in  which  the  dispersoic’.  was  an  intermetailic  The  rationale  for  selecting 
the  alloying  elements  was  to  achieve  a  fine  dispersion  of  an  insoluble  constituent  in  the  solid  alloy.  Hence  alloying 
elements  such  as  Fe,  Cr  and  other  transition  elements  were  chosen  which  had  low  solubilities  and  low  diffusion 
rates  in  solid  aluminum.  The  transition  elements  form  thermally  stable  intermetallic  compounds  of  relatively  low 
density,  so  that  appreciable  amounts  of  alloying  elements  may  be  added  without  a  rohibitive  increase  in  the  density 
of  the  final  alloy.  An  alloy  of  AI-4.5%  Fe-7.0%  Ni  had  the  best  room  temperature  strength  (537  MPa). 
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From  the  developmental  work  of  Towner  (1958),  binary  Al-Fe  alloys  containing  7.J  wt%,  10  wt%  and  12.8 
wt%  Fe  gave  the  highest  tensile  strengths  at  315°C  and  427°C.  More  complex  alloys  of  composition  7.89  wt%  Fi 
and  0.2  wt%  each  of  Or,  Ti,  V,  Zr  and  a  quartern  ary  alloy  of  aluminum  with  2.5  wt%  Fe,  0.4  wt%  Cr  and  3.4 
wt%  V  also  gave  excellent  high  temperature  strength  up  to  temperatures  of  427“C.  Consistent  with  strength 
retention,  these  alloys  all  exhibited  microstructural  stability  above  ambient  The  complex  alloy  of  aluminum 
containing  7.8  wt%  Fe  and  0.2  wt%  each  of  Cr,  Ti,  V  and  Zr  had  the  best  stress-rupture  properties  at  3 15°C.  In 
the  1960's  attention  was  directed  towards  the  development  of  1M  2XXX  series  aluminum  alloys  for  use  at 
intermediate  temperatures  i.e.  up  to  approximately  200“C  [Doyle  1969).  In  constrast  to  SAP  and  SAP  type  alloys 
strength  is  derived  via  precipitation  hardening.  Additional  strengthening  can  be  provided  by  intermetallics  based  on 
FeandNL  The  best  commercial  alloy  (X2219)  has  a  composition  Al-2.2  w/o  Cu  -  1 .4  w/o  Mg  -  0.2  w/o  Si  -  0.9 
w/o  Fe  - 1.0  w/o  Ni  and  achieves  a  strength  level  of  361.8  MPa  [60].  At  200°C  there  is  a  38%  drop  in  strength. 

Table  10  compares  the  properties  of  Towner's  intermetallic  strengthened  alloys  with  an  oxide  strengthened  alloy 
and  an  1/M  2XXX  series  alloy.  The  precipitation  hardened  alloys  (2XXX  series)  have  a  severe  limitation  in  that  the 
precipitates  coarsen  rapidly  above  ~200°C  with  attendent  loss  of  strength. 


2.4.2.  Mew  Class  of  Alloys: 

The  most  recent  development  in  the  area  of  elevated  temperature  P/M  aluminum  alloys  pertain  to  dispersion 
strengthening  via  intermetallics  [Pickens  1981,  Milan  1983].  The  intermetallics  based  on  transition  and  rare  earth 
elements  (Fe,  Ni,  Co,  Cr,  Ce,  etc.)  are  thermodynamically  stable  and  resistant  to  coarsening.  This  is  a 
consequence  of  the  extremely  low  equilibrium  solid  solubilities  and  small  diffusion  rates  of  the  alloying  elements  in 
the  aluminum  matrix. 

To  achieve  sufficient  strength  at  ambient  and  elevated  temperatures,  it  is  necessary  to  have  a  high  volume 
fraction  of  the  dispersoids  on  a  fine  scale  uniformly  distributed  throughout  the  matrix.  This  can  only  be  achieved 
by  resorting  to  rapid  solidification  via  P/M  processing.  It  is  impossible  to  produce  these  alloys  by  conventional 
ingot  solidification  since  attendent  slower  cooling  rates  result  in  considerable  macrosegregation,  with  coarse 
primary  intermetallics. 

Structural  transitions  in  rapidly  solidified  binary  alloys  of  A1  with  Fe,  Ni,  Cr,  Mn,  Co,  Ti  and  V  were  studied 
by  Jones  (1969).  It  was  observed  that  metallographically  two  distinct  zones  were  present  namely  A  zones  and  B 
zones.  Zone  A  consisted  of  a  very  fine  dendritic  or  cellular  a  -  aluminum  structure  and  was  optically  featureless. 
The  microhardness  of  this  zone  was  approximately  twice  that  of  zone  B  and  did  not  change  significantly  with 
annealing  up  to  temperatures  of  200°C  after  which  it  decreased.  Zone  B  consisted  of  a  much  coarser  structure. 
The  transition  from  the  zone  A  to  the  zone  B  structure  was  explained  in  terms  of  the  cooling  rates  experienced  by 
the  two  regions.  The  region  of  the  splat  in  contact  with  the  mcul  substrate  experienced  a  higher  cooling  rate  and 
this  resulted  in  the  finer  zone  A  type  structure.  Upon  consolidation,  the  microstnicture  in  these  new  class  of 
aluminum  alloys  consists  of  a  matrix  subgrain  structure  with  essentially  equiaxed  interemetaUics.  The  hot  extrusion 
results  in  dynamic  recovery  of  the  aluminum  matrix  and  the  high  volume  fraction  of  dispersoids  prevents  any 
recrystallization. 

Stability  of  strengthening  dispersoids  is  a  very  important  criterion  in  selection  of  this  new  class  of  aluminum 
alloys  for  high  temperature  applications.  Pontikakos  and  Jones  (1982)  studied  the  coarsening  behavior  of 
intermetallics  in  several  Al-transition  metal  alloys  produced  by  rapid  solidification.  Al-Fe,  Al-Ni  and  Al-Cr  alloys 
were  heat  treated  at  500°C  -  625°C  for  time  periods  up  to  1000  hrs  and  the  size  and  distribution  of  the 
corresponding  dispersoids  were  analyzed  with  respect  to  current  particle  coarsening  theories.  At  lower 
temperatures,  coarsening  was  enhanced  due  to  residence  of  the  dispersoids  on  the  grain  boundaries.  The  observed 
increases  in  the  average  particle  size  of  FeAl3  were  found  to  be  in  good  agreement  with  predictions  based  on  grain 
boundary  diffusion  control  at  500°C,  and  lattice  diffusion  control  at  600°C.  The  highest  resistance  to  coarsening 
was  exhibited  by  GAI7  at  500 "C  while  FeAl3  was  more  resistant  than  NiAly  for  ail  conditions.  In  the  Al-Fe-Ni 
system  [Premkumar  1985],  the  coarsening  kinetics  of  the  FeNiAk)  intermetallic  was  studied  at  450°C  and  550°C. 
The  kinetics  were  found  to  be  in  good  agreement  with  the  grain  boundary  diffusion  model.  In  general,  the 
microstructural  stability  was  excellent  up  to  40 0°C. 

A  number  of  aluminum  alloy  development  programs  sponsored  by  the  U.S.  Air  Force  were  initiated  in  the  early 
1970's  with  the  objective  of  developing  alloys  for  service  in  the  temperature  range  230-340°C.  These  programs 
developed  several  rapidly  solidified  alloys  utilizing  the  P/M  technology  with  significant  property  improvements 
over  the  best  high  temperature  I/M  alloys.  Alcoa  [Griffith  et  al.,  1982]  carried  out  a  systematic  program  for  alloy 
development  for  P/M  aluminum  alloys.  Initially,  six  binary  and  fifteen  ternary  compositions  were  investigated  and 
the  most  promising  alloys  were  found  to  be  Al-Mn-Co,  Al-Fe-Co,  AI-Mn-Ni,  Al-Fe-Ce  and  Al-Fe-Cr. 
Subsequently,  5  compositions  were  selected  for  further  evaluation.  These  included  one  Al-Fe-Co  composition, 
two  Al-Fe-Ni  alloys,  one  Al-Fe-Ce  alloy  and  one  Al-Fe-Misch  alloy.  In  the  Al-Fe-Ni,  Ni  is  substituted  for  the 
more  expensive  Co,  and  in  the  Al-Fe-Misch,  the  Misch  metal  is  substituted  for  the  more  expensive  Ce.  The  Al-Fe- 
Ce  alloys  was  found  to  have  the  beat  combinations  of  strength  and  ductility  and  was  chosen  for  a  complete 
engineering  property  evaluation.  Improvements  in  processing  methods  increased  the  ductility  of  the  Al-Fe-Ce  alloy 
from  the  earlier  levr  of  0.7%  to  7%.  The  alloy  was  also  found  to  exhibit  excellent  creep  and  stress  corrosion 
cracking  resistance. 

Pratt  and  Whitney  conducted  a  research  program  to  develop  an  aluminum  alloy  far  fan  blade  applications  [Adam 
et  al.  1981].  Alloys  containing  Fe,  Mn,  Cr,  Si,  Ti,  Nb,  Zr,  Hf,  V,  Mo  and  W  were  investigated  and  the  most 
promising  composition  reported  was  AI-8Fe-2Mo. 

Ternary  Al-Fe-V  and  Al-Fe-Zr  and  quarternary  Al-Fe-V-Zr  systems  were  examined  by  Skinner  et  al.  at  Allied 
Corporation  [Skinner  etal.  1984]  for  Fe  contents  in  the  range  of  8-12  wt%.  An  Al- 13.9  w/o  Fe  -  2.2  w/o  V  alloy 
containing  predominantly  a  zone  A  type  microstructure  was  found  to  have  a  room  temperature  UTS  of  greater  than 
600  MPa  with  a  ductility  of  5%.  Three  values  decreased  by  50%  at  327°C  with  a  50%  increase  in  ductility.  The 
quarternary  Al-Fe-Zr- V  system  was  found  to  exhibit  excellent  strength  and  ductility  at  high  volume  fraction  levels 
compared  to  the  ternary  alloys  in  which  high  volume  fractions  of  dispersoids  resulted  i.1  reduced  ductility. 

Simultaneously,  there  has  been  a  research  effort  directed  towards  understanding  some  of  these  alloys  at  a  more 
fundamental  level.  These  studies  are  important  in  order  to  further  improve  the  alloys  and  optimize  (he 
compositions.  Recently,  the  Al-Fe-Ni  alloy  system  [Premkumar  1985]  was  examined  with  a  view  to 
understanding  the  strengthening  mechanisms  snd  microstructural  stability.  One  of  the  findings  of  this  study  was 
that  above  250°C,  the  yield  strength  of  the  alloys  was  independent  of  the  volume  fraction  of  the  FeNiAlp 
dispersoid,  Figure  11.  The  results  were  explained  on  the  basis  of  a  dislocation  climb  mechanism  which  appeared 
to  be  insensitive  to  dispersoid  volume  fraction  at  the  high  levels  (Vf  0.19  -  Vf  0.32)  present  in  these  alloys. 

In  summary,  the  moat  promising  high  temperature  aluminum  alloys  to  date  are  Alcoa's  Al-8.0Fe-3.4  Ce,  Pratt 
and  Whitney's  Al-8Fe-2Mo  and  Allied!  Al-10.lFe-3.2Zr-2.3V.  The  tensile  properties  of  these  alloys  ire  shown 
in  Table  1 1  along  with  those  of  an  I/M  2XXX  series  high  temperature  alloy  for  comparison.  Also  included  in  the 
table  are  data  for  a  experimental  Al-60-lFe  alloy  produced  by  vapor  deposition  developed  by  Alcan. 


Since  the  development  of  sintered  aluminum  powders,  e.g.  SAP  alloys,  dispersion  aluminum  alloys 
have  provided  oxide  reinforced  systems  which  have  good  combinations  of  strength  and  thermal  conductivity.  The 
enhanced  properties  are  a  result  of  a  fine  grain  equiaxed  structure  with  a  uniform  dispersion  of  oxide  vis  a  vis 
dispersion  alloys.  Typically,  the  mechanical  alloying  technique  utilizes  a  ball  milling  or  attrition  process  which 
involves  the  deformation,  fracture  and  welding  of  fine  mixed  elemental  or  prealloyed  powders.  The  surface  oxide 
film  on  the  aluminum  powders  is  broken  and  dispersed  within  the  powder  particles.  Several  authors,  e.g.  Towner 
(1961),  Grant  and  Preston  (1957),  Benjamin  and  Bomford  (1977)  Gilman  et  al.  (1986),  Schelling  and  Donachie 
(1977),  have  investigated  dispersion  strengthened  aluminum  alloys.  Inco  has  actively  developed  several 
mechanically  alloyed  systems,  e.g.  Al-4Mg  (IN9052),  Al-4Cu-1.5Mg,  (IN9021)  and  Al-4Mg-l.5Li  (IN  905X1) 
In  general,  the  strengths,  creep  response  and  corrosion  resistance  are  enhanced  with  a  reduction  in  elongation  and 
toughness.  In  addition,  the  mechanical  alloying  process  can  be  utilized  to  incorporate  a  fine  reinforcing  particulate 
or  whisker,  e.g.  SiC,  AI2O3.  A  comparison  of  the  mechanical  properties  of  IN9021  and  IN9052  versus  an  ingot 
metallurgy  7075  alloy  is  provided  in  Table  12.  In  a  comparison  of  the  physical  properties,  mechanically  alloyed 
products  achieve  longitudinal  and  transverse  properties  from  550-650  MPa,  for  ultimate  tensile  strengths  with 
reasonable  elongation  levels  from  2.5  to  14%  depending  on  orientation. 

Efforts  have  been  undertaken  to  improve  the  elevated-temperature  properties  of  RS  aluminum  alloys  by 
combining  RS  and  mechanical  alloying  in  high  strength,  corrosion  resistant  and  high-temperature  aluminum  alloy 
systems,  e.g.  Al-Zn-Mg,  Al-Cu,  Al-Mg,  Al-Fe-Ni,  Al-Fe-Ce,  and  Al-Ti.  By  superimposing  the  dispersion 
strengthening  provided  by  the  fine,  stable  oxides  and  carbides  introduced  by  mechanical  alloying  with  the 
intermetallic  dispersoids  in  the  RS  powder,  improved  ambient  temperature  strength  and  elevated-temperature 
strength  are  achieved.  Furthermore,  mechanical  alloying  alters  the  texture  by  inducing  the  formation  of  stabilized 
low-angle  boundaries  and  grain  boundaries  pinned  by  oxides.  Static  recrystallization,  grain  growth,  and 
intermetallic  coarsening  are  therefore  inhibited. 

The  processing  of  mechanically  alloyed  products  is  critical  for  good  combinations  of  strength  and  ductility.  As 
a  result,  the  processing  is  a  critical  step  and  the  microstructure  of  a  mechanically  alloyed  powder  depicted  in 
Figure  12.  As  the  mechanical  alloying  process  proceeds,  the  powder  thickness  decreases  and  the  hardness  of  the 
powders,  i.e.  the  degree  of  cold  working  increases.  The  process  provides  shorter  diffusion  distances  and  studies 
by  Ovecogulu  and  Nix  (1982)  and  Frazier  and  Koczak  (1986)  have  monitored  the  interdiffusion  process  and 
microstructural  development.  The  x-ray  characterization  of  the  annealed  mechanically  alloyed  Al-Ti  system  Figure 
13  shows  the  development  of  Al3Ti  as  a  function  of  temperature.  In  a  comparison  of  mechanically  alloyed 
aluminum  alloys  versus  non-mechanically  alloyed  systems,  Al-Fe-Ni  alloys,  Ezz  et  al.  (1986)  have  demonstrated 
improved  microstructural  stability  and  strength  over  a  temperature  range  from  ambient  to  500°C.  The  mechanicall; 
alloyed  high  temperature  alloys  demonstrate  increased  strength,  however  limited  ductility.  Important  achievements 
and  limitations  include:  (i)  a  significant  increase  in  microstructural  stability  at  elevated  temperature,  compared  to 
non-mechanically  alloyed  material,  (ii)  a  large  improvement  in  strength  at  all  temperatures  and  enhancement  in 
creep  resistance  compared  to  nonmechanically  alloyed  material,  (iii)  a  limited  failure  strain,  2  -  5%  at  ambient 
temperature  for  the  strongest  material.  In  Al-Fe-Ni,  yield  strength  increases  of  77%  at  25°C  and  35%  at  400°C 
were  achieved  by  mechanical  alloying.  The  hardness  remained  unchanged  after  1-h  exposure  at  up  to  500°C.  At 
temperatures  over  500°C,  the  sharp  drop  in  hardness  indicated  considerable  coarsening  of  (FeNi)Al9.  A  key 
question  is  the  mechanism  by  which  these  fine  dispersions  inhibit  coarsening. 

In  an  excellent  comparison  of  mechanically  alloyed  versus  prealloyed  powder  alloys,  Gilman  et  al.  (1986) 
examined  the  high  temperature  response  in  Al-4Mg-1.5Li  alloys.  In  addition,  SiC  and  CeC>2  additions  were 
incorporated  in  order  to  understand  the  effects  of  the  variations  of  strength  versus  the  AI2O3  and  AI4C3  in 
conventionally  mechanical  alloyed  systems.  As  depicted  in  Figure  14,  the  hardness  retention  following  exposure  at 
400°C  is  excellent.  The  strength  of  the  SiC  modified  alloy  is  higher  than  the  CeC>2  and  oxide/carbide  dispersion 
Mg-Li  systems,  however,  the  ductility  is  limited,  Figure  15.  The  additional  benefit  of  the  SiC  addition  is  an 
enhanced  creep  resistance.  Figure  16.  Gilman  et  al.,  has  demonstrated  that  the  mechanical  alloying  process 
combined  with  CeC>2  and  SiC  provides  good  ambient  and  elevated  temperature  properties.  An  important  issue  is 
the  balance  of  properties  or  trade-offs  which  can  be  achieved  by  combining  the  prealloyed  aluminum  powders,  a 
fine  oxide  dispersion  generated  by  the  attrition  process  and  the  incorporation  of  high-modulus/high-strength 
particulates  or  whiskers.  The  key  issues  to  address  within  the  mechanical  alloying  process  are  the  microstructural 
development  e.g.  oxide  distribution,  and  the  concurrent  effect  on  mechanical  and  physical  properties.  For  instance, 
with  increased  oxide  level,  improvements  are  apparent  in  microstructural  stability,  yield  strength  and  ultimate 
tensile  strength.  Simultaneously,  reductions  in  ductility,  toughness,  electrical  conductivity  are  apparent  with 
increased  levels  of  oxide  dispersions.  As  a  result,  a  processing  balance  must  be  achieved  in  the  initial  prealloyed 
powder  processing  as  well  as  the  attrition,  consolidation  and  secondary  forming  operations.  In  the  development  of 
powder  alloys,  the  mechanical  alloying  process  adds  a  facet  where  improved  strength  and  microstructural  stability 
are  possible  not  only  for  aluminum  base  powder  alloys,  but  also  for  copper  and  nickel  based  systems. 

An  important  issue  to  resolve  is  the  processing  and  mechanical  property  reliability,  economy  of  scale  of  the 
product  forms  coupled  with  the  ability  to  produce  complex  structure  shape  via  extrusion,  superplastic  forming  or 
forging  approaches.  Issues  which  also  pose  challenges  to  these  high  temperature  structural  alloy  systems  are 
fatigue  crack  initiation  and  propagation  response  coupled  with  the  stress  corrosion  performance. 
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Preparty  Improvement,  % 


Figure  1 :  The  physical  and  mechanical  property  benefits  derived  from  aluminum 
powder  metallurgy-relationship  between  mechanical  property 
improvements  and  weight  savings.  (Hildeman,  1986) 


Figure  2:  Effect  of  alloying  elements  on  the  density  of  aluminum  alloys.  (Hatch,  1 983) 
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Schematic  lltu«arat(on  of  Commercial  Aluminum 
Alloy  Updraft  Noczlo  Syatom  Noting 
Contamination  PoatlbUlllo#  In  tho  ' 
Thro#  Processing  Categories 


Figure  6:  Schematic  representation  of  Alcoa  atomization  process.  (Bridenbaugh  et 
al. ,  1985) 


Figure  7:  Relationship  between  particle  size  and  dendrite  arm  spacing  for  ultrasonic 
gas  atomization.  (Grant,  1982) 


Figure  8:  Particle  size  distribution  as  a  fucntion  of  process  parameters  for  ultrasonic 
gas  atomization.  (Grant,  1982) 
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*  PARTICLE  DIAMETER  IN  MICRONS 

Figure  9:  Particle  size  distribution  for  air  atomized  aluminum  powders.  (Grant.  1982) 
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Figure  1 0:  Yield  strength  -  fracture  toughness  relationships  of  CW67,  7090  and  7012 
extrusions.  Phase  I  and  phase  II  alloys  represent  exploratory  alloys. 
(Hildeman  et  al.,  1986) 
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Figure  1 1 :  Effect  of  volume  fraction  (Vf)  on  the  elevated  temperature  yield  strength 
response  of  P/M  Al-Fe-Ni  extrusions. 
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Figure  13:  (a)  X-ray  spectra  of  atomized  AI-4  w/o  Ti  (AT4)  and  mechanically  alloyed  Al 
-  4  w.o  Ti  alloys  (MA4  and  AM4)  showing  Al,  Ti  and  intermetallic  lines,  (b) 
increase  of  intermetallic  Nne  intensity  with  annealing  at  various 
temperatures  (Frazier  and  Koczak  1986). 


HARDNESS  AFTER  400°C  EXPOSURE 


□  AI-4Mg-1.5Li 
O  AI-4Mg-1.5Li-0.1WoCeO, 

O  AI-4Mg-1.5Li-5v/oSiC 
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Figure  14:  Hardness  of  various  Al-Mg  alloys  following  exposures  at  400°C  (Gilman  et 
al.  1986). 


MPa 


22-14 


Figure  15:  Yield  strength  and  ductility  response  versus  test  temperature  for  various 
mechanically  alloyed  Al-Mg  alloys  (Gilman  et  al.  1986). 
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Figure  16:  Creep  response  at  various  temperatures  for  SiC  reinforced  and 

unreinforced  mechanically  alloyed  Al-Mg-Li  alloys  (Gilman  et  al.  1986). 
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TABLE  1 . 


TABLE  2 


HISTORIC  DEVELOPMENT 
OF 

PRECIPITATION  HARDENED 
ALUMINUM  POWDER  METALLURGY  ALLOYS 


HISTORIC  DEVELOPMENT 
OF 

DISPERSION  STRENGTHENED 
ALUMINUM  POWDER  METALLURGY  ALLOYS 


TIME  PERIOD 

1940-1960  I  1960-1980  I  I960  -  1 986  ♦ 


2000  SERIES  Al-Cu  Altov* 

....  Ai  -  Cu  -  U  Modified  Alloys 

(Muted  Elemental  -  Press  and  Sinter) 

(Praafloyed  Compositions)  Less  Devetopment  ActMty 


50QQ  SFRIRS  /U-MpAInv. 

AJ'Mg  Modified  AHoys 

(Preaitoyod  Compositions)  IN  90S.  IN  90S2 

Medianically  Alloyed  Coirosion  Reslslant  App  tea  lions 


6flW  SERIES  Al  -Mn-Si  Alovs 

,  AI  -  Mg  -Si  Modified  Alloys 

(Used  Elemental  -  Press  and  Sinter) 

(Prealloyed  Compositions)  Less  Activity 

2000  SERIES  Al  -Zn  -Mn  Allows 

AI  -  Zn  -  Mg  Modified  ABoys 


TIME  PERIOD 

1940-1960  I  1960-1980  I  1980-1986  + 

HIGH  TEMPERATURE  Ai  I  oyfi 
SAP  ALLOYS 

AI  -  Fe .  AI  -  X  Alloys  Al-Fe-Ni.  Al-Fe-Co.  AFFe-Ce,  AFFe-Mo-V 
AFZr-Cr.  Al-Fe-Mo 

Development  of  CU78  (AFFe-Ce) 

LOW  DENSITY  Ai  t  nvsf 

AFLi.  AFli-Be.  AFMg-Li  Developmental  Alloys 

HIGH  MODI  ILUS  ALLOYS 

Al-Mn,  AFMn-Cr,  AFFe-Ni-Co 

MECHANICALLY  ALLOYED  SYSTEMS 

AFMg,  AFMg-Li.  IN9051 .  IN9052.  IN902 1 


(Prealtoyed  Compositions) 

MA  87  ,MR61.  MR64  X7090/709I  X7064,  CW  67 

Metal  Matrix  Composites  -  SiC  DipersJon  & 
Superpiastic  Forming  of  7000  Series 


Metal  Matrix  Composites  (e.g.  SiC.  Ai203.C) 
via  Mechanical  Alloying 

METAL  MATRIX  COMPOSITFR 


2000.  6000.7000  series  with  SiC.  C  reinlorced  P/M  Alloys 


_  ,  ^-at  -  BU=  3:  VarSa,ion  o(  Cooling  Rate  with  Solidification  Mode 
Solidification  Morin  Dandrite  Arrn-Snncing  Cooling  Rate 

(Microns)  K/s 


Ingots  ioo 

Gas  Atomization  1-100 

Water  Atomization  1.10 

RoBer  Quenching  0.5 

Splat  Techniques  0.1 


10-103 

20-1C4 

103-106 

106-108 


TABLE  4:  Extension  of  Sold  Solubility  for  Binary  Aluminum  ABoys  (Jones.  1978, 


Element* 

«% 

EduiBhrium 

at  % 

Reported  M^PITIum 

Cr 

0.44 

5-6 

Cu 

2.5 

17-18 

Fe 

0.025 

4-6 

Mg 

18.9 

37-40 

Mn 

0.7 

6-9 

Ni 

0.023 

1. 2-7.7 

Si 

1.59 

10-6 

Zn 

66.5 

38 

TABLE  5:  Relative  Sizes  ol  Typical  Mtcrostroctural  Features  In  7XXX  AMoy  Wrought 
Products 


Eflallilfl 


l/MProdua  P/M  Product 


Constituent  Particles  2-100  Microns 

(Fe.Si  Types) 

NonmetaISc  Inclusions  <  10 

(Common  Limits  of  Melt 
Filtration  Technology) 

Dispersoid  Particles  0.01-0.5 

(Zr.  Cr.  Mn  Types) 

Age  Hardening  Precipitates  0.002-0.008 
Oxide  Film  I'hickness  on 
Powder  Particle 
Individual  Oxide  Partide 
After  Hot  Deformation 
Random  Oxide  Clusters 
After  Hot  Deformation 


0.5  Mteron 
10 


0.01-0.5 

(Zr.  Cr.  Mn.  Fe.  Ni. 

Co  Types) 
0.002-0.008 
-0.01 

-0.01 

-0.05 


TABLE  6  Chemical  Composilions  (wt%)  of  High  Strength  Aluminum  P/M  and  I/M  Alloys  {Tietz  and  Palmer,  1981  j 


Alloy 

Zn 

Mg 

Cu 

Si 

Fe 

Ni 

C 

0 

Mn 

Cr  Ti 

Zr 

Co 

Al 

P/M  Alloys 
X7090 

7.7 

2.5 

1.0 

<0.12 

<0.15 

0.35 

1.5 

bal. 

X7091 

6.3 

2.5 

1.5 

<0.12 

<0-15 

0.35 

0.4 

bal. 

PM  61 

8.9 

2.5 

1.5 

<0.10 

<0.20 

<0.50 

0-2 

0.6 

bal. 

PM  64 

7.0 

2.3 

2.0 

- 

0.10  - 

0.2 

0.2 

bal. 

IN  9052 

4.0 

<0.10 

<0.10 

1.1 

0.80 

bal. 

IN  9021 

1.5 

4.0 

<0.10 

<0.10 

1.1 

0.80 

bal. 

CW67 

9.0 

2.5 

1.5 

- 

0.1 

0.35 

0.14 

bal. 

7075 

5.6 

2.5 

1.6 

0.40 

0.50 

. 

0.30 

0.23 

0.20  - 

bal 

7050 

6.2 

2.3 

2.3 

0.12 

0.15 

♦ 

0.10 

0.04 

0.06  0.12  - 

bal 

TABLE  7 ;  Typical  Mechanical  Properties  of  High  Strength  Aluminum  P/M  and  1/M  Wrought  Products 


Alloy 

0.2%  Yield 
Strength 
_  (MPa) 

Tensile 

Strength 

(MPa) 

Elongation 

(%) 

Elastic 

Modulus 

(GPa) 

Density 

(g/cc) 

Fracture 
Toughness 
(MPa  Vm) 

P/M  Alloys 

7090-T7E71 

579 

621 

9 

73.8 

2.85 

30.8 

7091-T7E69 

545 

593 

11 

72.4 

2.82 

46.2 

PM6 1-776510 

641 

669 

12 

72.4 

2.82 

PM64-T76510 

627 

655 

13 

72.4 

2.82 

31.9 

IN  905? 

379 

448 

13 

72.0 

2.68 

44.0 

IN  9021 

469 

538 

13 

74.4 

2.80 

39.6 

CW  67 

579 

614 

12 

47.0 

I/M  Alloys 

7075-T6 

505 

570 

11 

71.7 

2.80 

30.6 

TABLE  8:  Mechanical  Properties  of  High  Specific  Modulus  Alloy  (T'etz  and  Palmer.  1981) 


Alloy 

0.2%  Yield 

Strength 

(MPa) 

Tensile 

Strength 

(MPa) 

Elongation 

(V.) 

Elastic 

Modulus 

(MPa) 

Density 

(g/cc) 

P/M  Alloys 

AI-2.3Li-1.4Cu-1.0Mg-0.lZr 

412 

490 

7.4 

2.54 

Al-2.5U-3.1CiM .7Mg-0.6Mn 

373 

483 

10.0 

83.5 

2  59 

At- 1  8li-3.0Cu-0.8Mg-0.2Zr 

387 

510 

15.3 

76.9 

2.64 

Al- 1  ,OU-4.6Cu*0.4Mn-0. 1  Cd 

565 

606 

5.8 

77.9 

2.68 

l/M  Alloys 

Al-2.8li-0.142r 

433 

474 

4 

80.5 

2.49 

AI-3.0Li-2.0Mg-0.22r 

395 

500 

3 

84.0 

AI-2.2Li-2.7Cu-0.122r 

537 

586 

10 

76.5 

2.58 

2020 

531 

579 

7 

76.0 

2.71 

*  Compositions  in  wt% 


TABLE  9  Tensile  Properties  of  Oxide  Dispersion  Strengthened  Aluminum 
(Bloch.  1961  ] 


Alloy 

Oxide 

Content 

(wt%) 

Test 

Temperature 

(°C) 

0.2%  Yield 
Strength 
(MPa) 

Tensile 

Strength 

(MPa) 

Elongation 

% 

M255 

0.5-1 .0 

20 

101.6 

151.6 

28 

316 

50.8 

56.8 

22.5 

M257 

5.0-8.Q 

20 

162.2 

250.1 

17 

204 

121.3 

142.5 

16 

371 

87.9 

95.5 

8 

SAP  930 

6.0-8.0 

20 

129.6 

231.2 

22 

200 

120.5 

151.6 

21 

400 

75.0 

76.5 

8.5 

SAP  895 

9.0-11.0 

20 

197.1 

318.3 

10 

200 

159.2 

204.6 

6 

400 

96.3 

105.3 

5 

SAP  865 

12.0-14.0 

20 

216.8 

341.8 

7.5 

200 

182.7 

231.2 

5.5 

400 

109.9 

125.1 

4.3 

20 

230.4 

360.8 

204 

181.9 

216.8 

371 

121.3 

128.8 

M2  76 


1 5.0-1 7.0 


7 
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TABLE  10  Mechanical  Properties  ol  Dispersion  Strengthened  P/M  Aluminum  Alloys.  [Towner.  1956] 


Alloy 

(Composition  In  wt%) 

Test 

Temperature 

CQ 

0.2%  Yield 
Strength 
(MPa) 

Tensile 

Strength 

(MPa) 

Elongation 

i%> 

Creep  Stress  for 

1%  Strain  in 

100  hours 

AJ-7.6  Fe 

20 

216.3 

313.5 

16 

316 

122.6 

150.9 

19 

68  9 

427 

53.7 

65.6 

28 

Ai-4.5Fe-7.0Ni 

20 

416.0 

473.3 

3.5 

316 

99.9 

144.0 

15 

427 

33.8 

49.6 

34 

AI-2.5Fe-0.4Cr-3.4V 

20 

216.3 

301.8 

14 

316 

115.1 

141.2 

18 

655 

427 

59.9 

77.9 

16 

Al*  7. 8  Fe  -0. 2Cr-0.2V-0.2Ti-0.22r 

20 

234.9 

332.8 

15 

316 

143.3 

167.4 

16 

89.6 

427 

74.4 

96.5 

23 

M257-0DS  Aluminum 

20 

165.4 

254.9 

17 

(8  wt%  Al203) 

316 

103.4 

117.1 

13 

75.8 

427 

75.8 

82.7 

5 

TABLE  11  Mechanical  Properties  ol  High  Temperature  P/M  Aluminum  Alloys  [Tietz  and  Palmer.  1981] 


Alloy 

(Composition  in  wt  %) 

Test 

Temperature 

rci 

Hold  Time  at 

Test  Temperature 
Prior  to  Testing 

0.2%  YiekJ 
Strength 
(MPa) 

Tensile 

Strength 

(MPa) 

Elongation 

<%i 

Ai-0Fe 

20 

504 

572 

50 

232 

100 

260 

280 

96 

343 

100 

148 

172 

123 

Al-8Fe-4Ce 

20 

445 

550 

90 

232 

1000 

367 

395 

60 

343 

1000 

152 

176 

7.0 

Al-8Fe-2Mo 

20 

472 

492 

6.7 

204 

1000 

427 

452 

7.0 

343 

100 

200 

222 

10.0 

Al- 10.1  Fe-3  2Zr-2  3V 

20 

632 

645 

87 

232 

M4 

420 

73 

343 

240 

252 

10.2 

Ai-6CriFe 

20 

664 

6.0 

200 

572 

60 

300 

432 

10.0 

2219-T851 

20 

345 

455 

12.0 

(L-M) 

232 

1000 

186 

221 

20  5 

343 

1000 

54 

65 

65  0 

TABLE  12  Tensile  Properties  of  Mechanically  Alloyed  Forgings 


Uiti  mate 


Alloy 

Orientation 

Tensile  Strength 
MPa  ksi 

Yield  Strength 

MPa  ksi 

Elongate 

% 

9052 

Longitudinal 

595 

86  3 

560 

81  2 

6 

Short  Transverse 

568 

82  4 

550 

79  7 

2  5 

9021  T4 

Longitudinal 

625 

90.7 

597 

86  6 

14 

Short  Transverse 

597 

86.6 

585 

84  0 

1 1 

I/M  7075  T7 

Longitudinal 

483 

70 

407 

59 

8 

Short  Transverse 

448 

65 

372 

54 

4 
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ALLOYED  ALUMINUM 

by 
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Department  of  Mechanical  Engineering 
University  of  Calgary,  Calgary,  Alberta,  T2N  1N4,  Canada 


SUMMARY 

Mechanically  alloyed  aluminum  has  not  lived  up  to  its  initial  expectations  and  very 
little  progress  has  bean  made  in  understanding,  controlling  and  improving  this  material 
over  the  last  decade.  The  complexities  of  the  reactions  that  occur  in  this  material  are 
presented  in  terms  of  our  present  6tate  of  knowledge.  This  current  understanding  is 
linked  to  the  mechanical  properties  of  the  material.  It  is  necessary  that  an 
understanding  of  the  mechanisms  regarding  the  role  of  oxygen  and  carbon  or  hydrocarbon 
in  the  material  be  obtained  before  further  development  is  undertaken.  Once  an 
understanding  of  the  inherent  reactions  taking  place  in  these  materials  is  determined, 
then  major  advances  in  research  and  development  will  occur  resulting  in  an  unlimited 
potential  of  engineered  materials. 


1.  INTRODUCTION 


The  process  of  mechanical  alloying,  MA,  has  been  around  for  a  number  of  years(l,2) 
and  was  first  brought  to  general  attention  by  Benjamin ( 3-6 ) .  However  an  understanding 
of  these  materials  has  not  progressed  significantly  over  the  last  ten  years.  It  is 
known  that  the  process  works  but  it  is  not  completely  understood  how  or  why.  This 
understanding  is  required  if  improvements  and  control  of  the  mechanical  properties  are 
to  be  obtained. 

The  processing  involved  in  making  these  materia*  is  so  fundamentally  different 
from  other  alloy  processing,  and  the  inherent  propel  i  of  the  processed  material  are 

similarly  fundamentally  different  from  any  other  cla.  -  of  materials  that  it  is  suggested 
that  these  materials  be  placed  in  a  category  of  their  own.  Nowadays  most  people  group 
these  materials  as  powder  metallurgy,  P/M,  materials  for  lack  of  understanding  the 
fundamental  differences  of  the  material.  Mechanical  alloys  are  made  by  a  continuous 
controlled  fracture  and  cold  welding  process.  On  an  extremely  fine  scale  the  material 
is  ground  with  high  inputs  of  energy  that  cause  integral  mixing  of  the  various  chemical 
constituents.  This  fine  fracture/cold  weld  process  results  in  a  mechanical  mixing  of 
the  elements  within  a  grain  of  powder,  once  a  stable  powder  size  of  approximately  40  urn 
has  been  achieved,  the  powder  is  then  collected,  and  consolidated  using  conventional  P/M 
techniques . 

After  consolidation  the  material  is  usually  exposed  to  some  type  of  thermal 
mechanical  processing  prior  to  its  final  use.  What  makes  this  material  so  unique  and 
sets  it  apart  from  other  materials,  are  the  bonding  reactions  that  occur  throughout  the 
powder  particles.  The  end  result  is  a  material  that  normally  has  an  ultra  fine  grain 
size  and  a  very  homogenous  distribution  of  the  various  chemical  elements  throughout  the 
grain.  MA  processing  results  in  a  metastable  material.  However,  this  metastable 
condition  is  extremely  stable  in  many  respects  up  to  temperatures  in  the  range  of  the 
melting  point  of  the  material.  .Therefore  one  of  the  major  applications  of  materials 
processed  in  this  manner  has  been  for  use  in  creep  resistant  structures. 

The  strength  of  MA  aluminum  is  usually  thought  to  occur  from  a  number  of 
mechanisms.  The  primary  mechanisms  being  oxide  dispersion  strengthening,  ODS,  and 
carbide  dispersion  strengthening,  CDS.  The  secondary  strengthening  mechanisms  are 
thought  to  be  solid  solution  strengthening  due  to  the  presence  of  magnesium, 
precipitation  strengthening  due  to  precipitates  of  copper/aluminum  and  finally  grain 
size  strengthening  due  to  the  ultra  fine  grain  size  and  based  on  the  Hall-Petch 
relationship.  It  .8  also  believed  that  the  dispersolds  act  to  Increase  the  elastic 
modulus  of  the  material. 

The  material,  AL  9021,  is  chemically  analogous  to  the  ingot  metallurgy  2024 
aluminum  alloy  except  for  the  additions  of  oxygen  and  carbon  or  hydrocarbon.  The 
overall  chemical  composition  of  the  material  using  standard  methods  for  element  analysis 
is  shown  in  Table  1. 

In  the  nickel-based  mechanical  alloy,  yttrium  oxide  is  added  directly  as  one  of  the 
constituents  to  be  mixed  with  the  base  metal.  This  means  mat  the  processing  utilizes 
both  ceramic  and  metallic  materials  and  the  oxide  is  finely  dispersed  throughout  the 
grain  structure  of  the  material  during  processing.  This  then  results  in  an  ODS 
material.  Most  people  accept  that  the  same  process  occurs  when  dealing  with  aluminum 
alloys.  However  in  the  case  of  aluminum  alloys,  the  processing  conditions  are  somewhat 
different  as  the  oxygen  is  introduced  into  the  material  from  the  exposure  of  the 
aluminum  to  the  atmosphere.  During  initial  proces&lng  of  MA  aluminum  oxygen  was 
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introduced  accidentally  into  the  material,  it  ia  usually  taken  for  granted  that  this 
oxygen  combines  with  the  aluminum  to  form  aluminum  oxide  and  hence  this  material  is 
labelled  an  ODS  material.  This  reaction  does  not  take  place  as  has  been  shown  by  direct 
evidence  indicating  the  bonding  strength  between  the  oxygen  and  the  aluminum  (7).  The 
details  of  this  will  be  discussed  later.  Another  difference  in  the  MA  processing  of 
aluminum  alloys  is  the  use  of  a  control  agent  to  balance  the  amount  of  cold  weld  and 
fracture.  The  control  agent  used  for  processing  aluminum  alloys  is  stearic  acid.  It 
has  been  assumed  that  stearic  acid  breaks  down  during  the  high  energy  attrition  milling 
to  form  the  pure  element  carbon,  which  then  combines  with  the  aluminum  to  form  aluminum 
carbide.  Therefore  the  MA  aluminum  is  taken  as  being  a  CDS  material  in  addition  to  the 
ODS  mechanism.  Originally  the  control  agent  started  out  as  a  long  chain  hydrocarbon  and 
it  is  unreasonable  to  expect  that  after  processing  it  ends  up  as  pure  carbon.  A  more 
rational  expectation  would  be  that  the  hydrocarbon  would  end  up  broken  into  shorter 
chained  molecules  and  in  fact  may  combine  in  some  manner  with  the  metallic  elements 
during  the  deformation  processing.  Indirect  evidence  of  this  has  been  obtained  and  will 
be  discussed  later.  Therefore,  it  should  be  noted  that  the  mechanisms  occurring  in  MA 
nickel  are  not  necessarily  the  same  mechanisms  that  are  occurring  in  the  MA  aluminum. 

Originally  when  the  first  aluminum  alloys  were  processed  using  the  mechanical 
alloying  technique,  the  resulting  properties  were  better  than  anything  previously 
obtained  for  aluminum  alloys,  strengths  in  the  order  of  600  MPa  with  ductilities  of 
around  15%  were  found  for  the  aluminum  alloy  AL  9021  (8).  Thus  MA  aluminum  properties 
were  found  to  give  a  combined  value  of  both  strength  and  ductility  in  excess  of  what 
could  be  achieved  using  either  ingot  metallurgy  or  other  P/M  techniques.  This  combined 
high  strength  and  high  ductility  suggested  that  these  aluminum  alloys  were  on  the  way  to 
achieving  even  higher  strengths  and  ductilities  when  improvements  were  made  to  the  MA 
processing  technique.  This  expectation  has  not  materialized.  However  some  other 
amazing  properties  have  resulted,  these  will  be  presented  and  discussed. 

Initially,  a  large  market  was  seen  for  AL  9021  material  due  to  its  high  strength  to 
weight  ratio  and  other  beneficial  mechanical  properties.  However,  this  market  has  not 
materialized  and  the  commercial  output  of  the  material  has  been  rolled  back  and  nearly 
discontinued,  some  reasons  for  this  are  discussed  in  this  paper. 

The  paper  also  summarizes  the  current  state  of  knowledge  pertaining  to  mechanically 
alloyed  aluminum  and  gives  reasons  for  the  lack  of  understanding  regarding  these 
materials  and  points  out  the  potentials  inherent  in  the  future  development  of  this  type 
of  material. 

2.  MICROSTRUCTURE 

Our  understanding  of  a  material  arises  primarily  from  the  study  and  analysis  of  its 
microstructure.  Considerable  difficulty  occurs  when  studying  AL  9021  and  other 
mechanically  alloyed  aluminum.  The  difficulty  arises  as  a  result  of  size  and  type  of 
reactions  occurring.  The  size  of  the  microstructure  is  ultra  fine  and  in  many  cases, 
regular  techniques  do  not  yield  any  useful  information.  As  an  example,  normal  x-ray 
diffraction,  XRD,  studies  on  a  bulk  quantity  of  material  yields  almost  identical 
information  to  that  obtained  from  the  analysis  of  2024  aluminum  alloy.  From  all 
practical  purposes,  the  diffraction  peaks  and  intensities  are  identical  between  the  AL 
9021  material  and  the  2024  material.  Thus  one  would  expect  that  the  copper  is  combined 
in  the  material  in  the  same  manner  for  the  two  materials.  However,  as  will  be  6hown 
this  is  not  the  case  and  therefore,  general  XRD  analysis  does  not  yield  any  useful 
information  about  this  specially  processed  material.  If  the  material  is  slowly 
dissolved  in  nitric  acid  and  the  sludge  remaining  is  analyzed  using  XRD  analysis,  it  is 
found  that  there  is  no  difference  between  the  2024  material  and  the  AL  9021  material. 

Other  XRD  analysis  conducted  on  material  that  has  been  solution  treated  at  a 
temperature  of  600°c,  then  air  cooled  indicates  that  a  large  increase  in  CuAl- 
precipitate  has  occurred.  If  the  material  is  then  heated  back  up  to  600°C  ana  water 
quenched,  XRD  analysis  Indicates  that  the  material  has  reverted  back  to  its  original 
state  as  compared  to  the  as-received  material.  However,  it  is  known  that  subtle  changes 
occurred  due  to  oxygen  reactions  in  the  material;  therefore  this  indication  cannot  be 
totally  correct,  overall  it  would  appear  that  whatever  mechanisms  occur  generally  in 
the  material,  these  mechanisms  are  reversible  providing  that  the  melting  point 
temperature  of  the  material  has  not  been  reached. 

This  example  indicates  that  precautions  should  be  taken  in  interpreting  the 
results  when  using  standard  techniques  which  are  usually  applied  to  conventional  ingot 
metallurgy  materials.  These  results  do  not  necessarily  lend  themselves  to  conventional 
interpretation  when  applied  to  MA  materials. 

when  investigating  materials,  the  first  place  to  start  is  usually  with  optical 
microscopy.  The  microstructure  of  this  material  as  shown  by  optical  microscopy  is  seen 
in  Figure  1.  This  figure  utilizes  a  high  range  of  magnification,  near  the  upper  limit 
available.  This  figure  Indicates  that  the  grain  size  is  still  too  small  to  be 
determined,  although  it  would  appear  that  the  material  contains  some  type  of  stringer 
inclusio* -  Figure  2  shows  a  more  detailed  analysis  of  these  apparent  inclusions  using 

the  scam,  i  electron  microscope,  SEM,  with  the  material  polished  and  sputter  coated 
with  gold.  This  analysis  shows  that  these  areas  are  in  fact  small  cracks  within  the 
material  (9 ) . 
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The  determination  of  grain  size  in  this  material  is  not  at  all  straight  forward  and 
a  representative  value  of  grain  size  is  somewhat  difficult  to  determine  unless  special 
techniques  are  used.  The  most  common  approach  used  is  that  of  thin  foils  in  conjunction 
with  the  transmission  electron  microscope,  TEM.  A  major  disadvantage  of  this  technique 
is  that  it  requires  considerable  preparation  in  making  a  thin  foil  and  then  is  later 
restricted  in  terms  of  the  amount  of  thinned  area  available  for  viewing.  Additionally 
it  has  been  found  that  dissolution  of  this  material  does  not  occur  evenly  but  rather  the 
small  grain  regions  are  attacked  preferentially  before  the  larger  grain  areas.  Thus, 
there  is  no  guarantee  that  representative  grain  size  determination  can  be  made  from  thin 
foil  analysis.  Rather  the  technique  that  should  be  utilized  is  a  modified  technique  of 
optical  metallographic  preparation  and  used  in  conjunction  with  the  SEM.  The 
modification  requires  very  light  etching  of  the  polished  surface  and  sputter  coating 
with  gold  prior  to  viewing.  A  representative  value  of  grain  size  can  then  be 
determined.  Figure  3  shows  a  representative  micrograph  of  grain  size  and  subgrain  size 
for  the  AL  9021  material.  If  over  etching  occurs,  the  grain  size  that  is  measured  will 
be  considerably  larger  than  that  shown  in  Figure  3.  Measurements  from  this  figure 
indicate  that  the  grain  size  is  approximately  0.18  pm  with  subgrains  in  the  order  of 
0.02  pm.  In  time  with  further  study  it  may  in  fact  turn  out  that  what  we  now  call 
subgrains  are  the  true  grain  size  of  the  material  and  the  larger  clusters  being  an 
artifact.  In  any  event  this  material  is  one  of  the  finest  grain  size  materials  created 
to  date. 

It  can  therefore  be  appreciated  that  in  order  to  study  this  material,  extremely 
high  magnifications  must  be  employed  in  conjunction  with  the  development  of  new 
techniques,  in  order  to  study  any  form  of  precipitation  or  element  combination,  either 
dispersed  throughout  the  material  or  along  the  grain  boundaries,  extremely  high 
magnifications  are  required. 

As  the  material  is  aged,  a  coarsening  effect  occurs  along  with  the  growth  of  some 
second  phase  particles.  The  coarsening  progresses  as  a  function  of  both  time  and 
temperature.  Once  sufficient  coarsening  has  taken  place  the  microstructure  can  be 
studied  using  the  optical  microscope.  An  example  of  thl6  is  shown  in  Figure  4.  The 
material  was  exposed  to  a  temperature  of  400°c  for  a  period  of  1484  hours.  Analysis  of 
these  coarsened  particles  using  energy  dispersive  x-ray  analysis,  EDXA,  were  found  to 
consist  of  approximately  50%  Cu  and  50%  Al  with  traces  of  Zn  and  Fe  along  with  a  high 
content  of  Carbon  or  hydrocarbon.  Thus  it  is  expected  that  these  second  phase  particles 
are  a  type  of  organometallic  compound.  What  appears  to  be  dark  particles  are  in  fact, 
voids  caused  by  gas  evolution  out  of  the  matrix.  This  can  only  be  confirmed  by  using 
SEM  analysis. 

Once  the  material  reaches  a  temperature  of  595°C,  fiber  formation  takes  place 
throughout  the  material.  EDXA  analysis  indicates  that  these  fibers  are  comprised  of 
approximately  30%  copper,  15%  iron,  55%  Al  with  a  medium  amount  of  carbon  or 
hydrocarbon.  Figure  5  illustrates  the  presence  of  this  fiber  formation  using  SEM 
microscopy.  This  figure  also  shows  the  coarse  second  phase  particles  and  a  few  small 
voids.  The  fiber  and  coarse  second  phase  particle  formations  are  reversible  and 
microstructure  indicates  that  if  the  material  is  heated  back  up  to  a  temperature  range 
of  600  C  and  water  quenched,  the  resulting  structure  appears  identical  to  the 
as-received  condition,  with  the  exception  of  damage  being  done  in  the  formation  of  voids 
and  microcracking  due  to  the  gas  evolution  out  of  the  matrix,  it  should  be  noted  that 
these  types  of  structures  do  not  form  in  2024  aluminum  alloy  which  has  the  same  weight 
composition  of  copper  and  magnesium  as  the  AL  9021  material.  Therefore  it  can  be 
concluded  that  the  presence  of  both  the  oxygen  and  the  carbon  or  hydrocarbon  have 
drastically  modified  these  second  phase  particle  formations  in  the  mechanically  alloyed 
material.  This  difference  is  not  found  from  a  comparison  of  the  xrd  analysis  between 
the  two  materials. 

The  method  of  determining  the  carbon  or  hydrocarbon  content  was  very  qualitative 
and  used  the  rate  of  count  buildup  of  secondary  electrons  from  the  gold  coating 
previously  sputtered  on  the  surface.  This  method  gave  a  relative  indication  of  the 
amount  of  carbon  or  hydrocarbon  present  in  the  area  being  analyzed. 

Other  microstructural  studies  that  have  been  done  on  this  material  have  been 
confined  to  TEM  analysis.  Much  of  this  TEM  analysis  has  measured  and  identified 
aluminum  oxide  particles  within  the  material  using  electron  diffraction  (10-12).  The 
interpretation  of  the  electron  diffraction  analysis  is  either  erroneous  or  not 
representative  of  the  role  of  oxygen  within  this  material  since  it  has  recently  been 
shown  that  aluminum  oxide  is  not  present  (7)  at  least  in  any  Gianif leant  amount. 

3.  HEAT  TREATMENT  AND  MATERIAL  MICROHARDNESS 


The  heat  treatment  condition  that  the  as-received  al  *u21  material  was  subjected  to 
was  that  of  a  -T452  condition.  The  material  is  normally  solution  treated  at  495°C, 
water  quenched  and  naturally  aged  at  room  temperature  and  compression  stress  relieved. 

As  the  material  is  heated  and  exposed  to  temperatures  above  room  temperature,  an  over 
aging  effect  occurs  which  results  in  the  coarsening  mechanism  taking  place  in  the 
material.  However,  at  about  380°C,  a  distinct  change  in  mechanisms  occur  and  the 
material  suddenly  hardens.  As  the  temperature  is  continually  increased  beyond  this 
point,  the  material  begins  to  soften.  This  behaviour  is  apparent  in  Figure  6  which 
shows  the  Vickers  hardness  of  the  material  as  a  function  of  exposure  to  various 
temperatures  for  a  period  of  1  hr  followed  by  furnace  cooling  at  a  rate  of  120°c/hr. 


Additionally  some  other  information  regarding  solution  treating  and  water  quenching  iB 
also  presented  in  this  figure.  The  return  of  hardness  after  water  quenching  and  aging 
further  confirms  the  general  reversibility  of  the  materiel.  At  the  380°C  position,  the 
only  distinct  change  that  can  be  identified  from  a  mlcrostructural  point  is  that  of  gas 
evolution  and  microcracking.  This  process  is  shown  by  the  formation  of  small  voids 
within  the  material  due  to  the  linking  of  microcracks  as  indicated  in  Figure  7.  Thus 
some  detrimental  damage  Is  occurring  in  the  material,  even  at  temperatures  considerably 
lower  than  that  used  for  solution  treating  in  the  initial  processing  of  the  -T452 
condition . 

4.  DIXiATOMETRY 

Some  initial  dilatometric  studies  have  been  conducted  on  the  material,  both  on  the 
as-received  material,  as  well  as  on  the  normalized  condition  using  a  solution  treatment 
temperature  of  600°c.  These  studies  indicate  that  a  major  change  occurs  in  the  material 
in  terms  of  a  contraction  over  the  temperature  range  of  420  to  480°c.  This  change  is 
identical  in  terms  of  either  heating  or  coding.  A  minor  change  seems  to  occur  at  340°c 
in  terms  of  expansion  within  the  material.  This  portion  is  not  Leverslble  and  only 
occurs  during  the  heating  cycle.  The  cyclic  effects  indicate  that  the  material, 
although  being  metastable,  is  for  most  practical  purposes  an  extremely  stable  material 
with  nearly  complete  reversibility  taking  place,  subsequent  cycling  confirms  that 
reversible  reactions  are  occurring.  A  typical  dilatometric  curve  for  the  as-received 
material  is  shown  in  Figure  8.  The  temperature  of  340°C  is  fairly  close  to  that  of 
380°c  temperature  found  from  the  microhardness  tests  thac  were  correlated  to  gas 
evolution  out  of  the  material  in  the  form  of  microcracks.  The  gas  evolution  is 
consistent  with  the  expansion  measured  at  this  temperature.  From  microhardness  the 
temperature  of  450°c  appears  to  indicate  the  presence  of  a  second  type  of  softening 
reaction  and  correlates  well  with  the  dilatometry  results. 

5.  GAS  EVOLUTION 

A  preliminary  investigation  into  the  welding  characteristics  of  AL  9021  and  the 
microstructural  formation  in  the  heat  affected  areas,  pointed  out  that  a  tremendous 
amount  of  gas  evolution  out  of  this  material  was  occurring  (13).  Additionally,  it  was 
found  that  some  free  carbon  was  rejected  out  of  the  material  when  welded  under  tungsten 
inert  gas  conditions.  This  initial  study  resulted  in  a  more  extensive  investigation 
regarding  the  gas  evolution  of  the  material.  From  this  extensive  study,  it  was  found 
that  by  using  carefully  controlled  conditions  and  gas  chromatograph  techniques,  that 
oxygen  was  the  primary  cause  of  the  void  formation  and  microcracking  in  the  material 
(7/.  A  typical  gas  analysis  is  shown  in  Figure  9.  This  figure  indicates  that  oxygen 
accounts  for  more  than  90%  of  the  gas  evolution  out  of  the  material.  In  order  to 
conduct  this  analysis,  charges  of  material  were  placed  in  a  glass  crucible,  sealed 
within  a  glass  envelope  and  evacuated  to  a  low  vacuum  condition.  The  material  was  then 
heated  using  an  induction  coil  furnace,  such  that  time  at  the  high  temperature  was  kept 
to  a  minimum  and  that  the  ga6  evolution  occurred  quickly .  This  helped  to  limit  the 
reaction  of  the  gas  with  the  metal  at  the  high  temperature.  If  heating  takes  place 
slowly  such  as  in  conventional  furnaces,  then  the  gas  that  is  evolved  has  time  to  react 
with  the  metal  at  the  high  temperature.  Conventional  furnace  heating  results  in  the 
true  formation  of  aluminum  oxide  but  is  a  consequence  of  the  test  procedure.  Thus,  even 
with  the  precautions  taken,  using  induction  heating,  the  amount  of  oxygen  evolved  out  of 
the  material,  will  be  underestimated,  as  not  all  of  it  will  remain  as  a  gas,  but  some  of 
it  will  react  with  the  metal  at  the  high  temperature  and  other  portions  will  remain 
trapped  in  void  pockets  within  the  material,  in  any  event,  it  can  be  seen  that  oxygen 
is  the  major  constituent  that  is  causing  the  cracking  and  void  formation  within  the 
material . 

Thus,  it  becomes  apparent  that  a  true  form  of  aluminum  oxide  cannot  be  present 
within  the  material,  since  at  relatively  low  temperatures  of  600  c,  true  aluminum  oxide 
is  completely  stable.  If  aluminum  oxide  were  present,  no  oxygen  gas  evolution  would 
occur,  rather  these  tests  have  indicated  that  the  bonding  between  oxygen  and  aluminum  is 
not  in  the  form  that  takes  place  in  aluminum  oxide  as  we  know  it.  Therefore,  if  the 
electron  diffraction  analysis  as  has  been  conducted  in  the  past  on  this  material  is  to 
be  believed  to  be  representative  of  the  oxygen  within  the  material,  then  a  mechanical 
proximity  reaction  must  occur  (7).  This  means  that  on  a  3-dimensional  arrangement 
basis,  the  oxygen  is  located  in  the  proper  positions  with  respect  to  the  aluminum  and 
therefore  satisfies  the  geometric  locations  that  would  reflect  back  the  x-ray 
diffraction  patterns  but  the  bond  strength  has  not  taken  place,  such  that  the  formation 
of  a  full  chemical  reaction  of  aluminum  oxide  has  not  occurred.  This  interpretation  has 
lead  to  a  definition  of  a  mechanical  proximity  reaction  rather  than  3  pure  chemical 
reaction . 

These  findings  raise  a  number  of  questions  regarding  both  the  role  of  oxygen  and 
carbon  or  hydrocarbon  within  the  material.  The  type  of  reactions  that  are  occurring 
within  the  material  due  to  this  unique  combination  of  elements,  appears  to  be  at  present 
beyond  our  total  understanding.  The  fine  distribution  of  these  elements  throughout  the 
material  makes  it  extremely  difficult  to  obtain  any  degree  of  meaningful  analysis. 

As  can  be  appreciated  the  absence  of  aluminum  oxide  formation  in  these  aluminum 
alloys,  make  these  materials  wrongly  labelled  when  they  are  described  as  ODS  materials. 
However,  it  is  felt  that  the  role  of  oxygen  does  contribute,  on  the  basis  of  the 
mechanical  proximity  reaction,  to  the  strength  of  the  material. 
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In  addition  to  measuring  the  oxygen  evolution  out  of  the  material,  it  was  also 
determined  that  methane  was  given  off  from  the  material  starting  at  relatively  low 
temperatures  being  in  the  order  of  150°C.  The  measurement  of  this  methane  gas  was  also 
confirmed  by  retaining  the  services  of  an  independent  chemical  analysis  laboratory.  The 
results  showing  an  evolution  of  hydrocarbon  out  of  the  material,  suggests  that  the 
carbon  within  the  material  i6  in  the  form  of  a  hydrocarbon.  This  indirect  evidence 
suggesting  that  stearic  acid  has  not  broken  down  completely  to  carbon  but  rather  to  a 
shorter  chained  molecule.  Work  is  currently  under  way  to  substantiate  or  disprove  this 
by  obtaining  direct  evidence. 

An  indication  of  the  type  of  void  formation  that  occurs  during  the  oxygen  evolution 
out  of  the  material  is  shown  in  Figures  10  -  12.  Figure  10  is  a  small  block  material 
soaked  at  600°c  for  a  few  minutes,  air  cooled  and  then  cut  in  half.  It  shows  the 
overall  damage  that  can  occur  in  this  material  due  to  oxygen  evolution  at  high 
temperatures.  On  the  other  end  of  the  scale.  Figure  7  shows  the  small  detrimental 
effect  that  occurs  due  to  microcrack  formation  which  develops  at  relatively  low 
temperatures  due  to  oxygen  pressure,  other  types  of  material  defects  are  in  the  form  of 
microsuperplastic  voids  such  as  shown  in  Figure  11  and  globular  melting  and  void 
formation  as  shown  in  Figure  12.  Both  the  temperature  and  time  relationship  of  heating 
the  material  determines  the  type  of  void  formation  within  the  material. 

6.  UNIQUE  AND  SPECIAL  PROPERTIES  OF  AL  9021 

There  are  a  number  of  unique  fracture  mechanisms  that  occur  in  this  material  that 
do  not  normally  occur  in  other  materials,  one  of  these  features  is  known  as  shear 
ridges  (13)  and  is  illustrated  by  an  arrow  on  Figure  13.  This  fractograph  is  that  of  a 
fracture  toughness  specimen  near  the  start  of  crack  extension.  This  mechanism  is  a 
result  of  internal  cracking  along  planes  of  weakness  or  microcracking  due  to  oxygen 
evolution  from  within  the  material.  The  cracked  region  forms  either  during  processing 
or  during  loading  due  to  planes  of  weakness  within  the  material.  This  cracked  region 
then  acts  as  a  free  surface  forming  an  interior  shear  lip.  Thus  the  material  can  be 
evaluated  with  regards  to  planes  of  weakness  and  Inherent  cracks  within  the  material  by 
studying  the  density  of  the  shear  ridge  features  on  the  fractured  surface  caused  by 
either  tearing,  fatigue  or  tensile  overload.  It  can  be  appreciated  that  the  processing 
of  the  material  due  to  the  solution  treatment  conditions,  as  well  as  any  forging 
operations  will  have  a  direct  influence  on  this  parameter.  Since  this  defect  is  tied  up 
with  the  behaviour  of  oxygen  within  the  material,  it  is  imperative  that  this  role  be 
understood  in  order  to  be  able  to  control  and  prevent  this  mechanism  from  occurring. 

Another  mechanism  that  when  first  found  was  almost  unbelievable,  was  that  of 
microsuperplasticity  (14-16).  This  mechanism  is  one  that  occurs  during  high  temperature 
deformation  and  is  the  result  of  a  combined  effect  of  both  intergranular  and 
superplastic  transgranular  behaviour  on  a  microscopic  scale.  An  example  this  mechanism 
is  shown  in  Figure  14.  Thus  during  creep  crack  growth  within  the  material,  a  balanced 
condition  occurs  between  a  brittle  failure  mechanism  of  intergranular  fracture  and  a 
superplastic  failure  mechanism.  The  areas  of  superplasticity  form  as  islands  with 
localized  flowing  of  the  material  resulting  in  the  formation  of  fibers  on  the  fracture 
surface.  These  totally  opposed  mechanisms  work  together  in  some  type  of  balanced 
arrangement,  since  this  mechanism  was  originally  identified  in  the  AL  9021  material,  it 
has  subsequently  been  found  to  occur  in  rapidly  solidified  and  processed  aluminum  alloy 
(17).  This  microsuperpla8tic  phenomena  has  been  found  to  occur  at  a  temperature  as  low 
as  200  C  for  the  AL  9021  material.  In  addition  to  the  formation  of  the  mechanism,  the 
material  property  relationships  are  such  that  an  improvement  of  creep  strength  with 
respect  to  2024  material  of  approximately  300%  is  found.  Again  an  understanding  of  this 
mechanism  is  tied  to  an  understanding  of  the  roles  of  both  the  oxygen  and  the  carbon 
within  the  material. 

A  third  mechanism  that  is  totally  unique  to  the  AL  9021  material  is  that  of  the 
formation  of  stress  striatlons  (18).  Thi6  mechanism  occurs  due  to  the  oxygen  evolution 
out  of  the  material  and  takes  place  when  a  high  shear  stress  results  as  a  consequence  of 
the  gas  evolution  process.  Striatlons  are  formed  in  the  fracturing  of  a  void  within  the 
material  and  are  essentially  initial  stages  of  microsuperplastic  formation.  An 
indication  of  these  striatlons  are  shown  Figure  15.  It  can  be  seen  in  this  figure  that 
gas  bubble  formation  has  occurred  on  some  of  the  strlatlon  surfaces.  Thus,  it  can  be 
appreciated  that  an  understanding  of  the  microstructure  and  fractography  that  occurs  in 
these  materials  is  tied  up  in  a  direct  understanding  of  the  mechanisms  in  which  the 
oxygen  and  carbon  or  hydrocarbon  are  bonded  within  the  material. 

It  is  apparent  that  the  unique  type  of  processing  for  producing  mechanically 
alloyed  aluminum  results  in  the  unexpected  property  relationships  and  unusual  defects 
found  in  this  material.  Therefore,  in  order  to  improve  and  fully  utilize  mechanical 
property  relationships  that  can  be  obtained  from  mechanical  alloying,  it  is  necessary  to 
appreciate  the  complexities  involved  and  to  stop  thinking  of  the  material  as  an  ODS  and 
CDS  strengthened  alloy. 

7.  TENSILE  MECHANICAL  PROPERTIES 

Initially  when  this  material  was  first  developed  as  an  experimental  alloy,  it  was 
reported  to  have  a  tensile  strength  and  ductility  combination  far  in  excess  of  the  best 
7075  aluminum  alloys  of  that  time.  However,  after  the  material  went  to 
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commercialization,  it  was  found  that  the  ductility  portion  of  the  material  did  not 
measure  up  to  the  amount  of  ductility  initially  reported. 

Table  2  shows  the  mechanical  properties  tested  for  a  billet  of  commercial  material 
that  was  received  and  tested  in  1982  and  reported  later  (19).  Also  compared  in  this 
table  are  the  Initial  values  reported  in  1982  at  the  very  onset  of  commercialization 
(8).  other  values  measured  and  reported  are  also  listed  (20,21)  as  well  as'  values  for 
2024  and  7075  for  comparison.  Examination  of  this  table  shows  a  very  drastic  loss  in 
ductility  has  occurred  between  the  initial  development  of  this  alloy  and  its  subsequent 
commercialization.  In  fact,  the  ductility  has  dropped  down  to  almost  half  the  value 
that  was  initially  reported.  Therefore  it  can  be  seen  that  very  little  advantage  occurs 
with  regard  to  choosing  the  AL  9021  material  over  the  7075-T6  material  based  on 
mechanical  properties,  although  a  premium  in  price  for  the  MA  material  is  enormous. 
Whereas  the  original  experimental  material  had  strengths  far  in  excess  of  7075  and 
ductility  comparable  to  2024. 

The  tensile  behaviour  of  A!  9C21  has  a  very  distinct  upper  and  lower  yield  point, 
with  an  average  difference  between  these  two  levels  of  20  MPa.  This  is  in  contrast  to 
the  gradual  yielding  and  nonlinear  behaviour  that  is  exhibited  by  both  the  2024-T4  and 
7075-T6  materials.  The  0.2%  offset  method  is  needed  to  define  yield  stress  in  these  two 
common  materials.  The  other  difference  in  the  stress/strain  curve  for  AL  9021  as 
compared  to  the  other  two  alloys  c  curs  in  the  strain  hardening  region.  Here  strain 
hardening  takes  place  in  a  somewhat  serrated  fashion  rather  than  a  gradual  and  smooth 
manner  as  occurs  in  the  2024  and  7075  alloys. 

As  can  be  appreciated  the  property  relationships  of  a  material  are  a  combination  of 
strength  and  ductility  together  rather  than  each  one  individually.  Thus,  it  would 
appear  that  a  good  deal  of  the  demise  of  the  commercialization  of  this  material  is  due 
to  the  fact  that  the  processing  parameters  as  they  affect  the  microstructure  and 
mechanical  property  relationships  of  the  material  were  not  understood  nor  controlled  in 
a  manner  that  allowed  the  initial  high  combination  of  strength  and  ductility.  When 
considering  the  high  premium  that  is  paid  due  to  the  special  processing  techniques  to 
produce  mechanically  alloyed  material,  it  is  not  surprising  that  potential  customers 
would  demand  mechanical  property  combinations  that  were  not  obtainable  by  utilizing 
other  less  expensive  means.  The  high  strength  of  the  AL  9021  commercial  alloy,  in 
conjunction  with  its  low  ductility,  means  that  it  is  directly  competing  with  other 
processed  materials  such  as  rapid  solidification,  P/M  materials  and  ingot  metallurgy 
materials  without  any  mechanical  property  advantage.  Therefore,  the  early  demise  of 
this  material  is  primarily  due  to  premature  commercialization  of  a  new  technology  that 
is  only  in  its  infancy  and  not  yet  understood  enough  to  be  able  to  apply  it  in  a 
completely  controlled  manner. 

8.  FRACTURE  TOUGHNESS  PROPERTIES 

The  fracture  toughness  behaviour  of  AL  9021  is  shown  in  Table  3  (22).  Also 
compared  in  this  table  are  other  fracture  toughness  values  that  have  been  obtained  from 
different  sources  (8,23,24)  along  with  measured  values  of  2024  and  7075  materials.  It 
can  be  seen  that  the  initial  or  early  measurements  are  relatively  consistent  and 
considerably  higher  than  the  later  measurement  from  the  commercial  material.  It  is  very 
likely  that  the  loss  of  ductility  in  the  commercially  produced  material  resulted  in  a 
much  lower  fracture  toughness  value  than  that  measured  during  the  experimental 
processing  of  this  material.  In  comparison  the  2024  material  is  slightly  inferior  to 
the  fracture  toughness  values  measured  for  the  experimentally  produced  AL  9021. 

However,  the  commercially  available  material  is  not  nearly  as  good  as  the  2024  material. 
It  can  also  be  seen  that  the  7075  material  is  not  much  different  from  the  commercially 
available  AL  9021  material.  Therefore  on  the  basis  of  using  the  commercial  MA  material 
rather  than  the  7075  material,  th'ere  is  not  any  distinct  advantage.  Thus,  it  can  be 
appreciated  that  the  loss  of  ductility  during  the  commercialization  of  this  material  has 
resulted  in  its  demise  to  a  major  degree  when  based  on  fracture  toughness. 

9.  FATIGUE  PROPERTIES 

The  fatigue  property  relationships  of  AL  9021  are  shown  in  Figure  16  and  as  a 
comparison  various  reference  information  (8,21,25,26)  are  indicated  on  this  figure.  In 
addition  the  fatigue  behaviour  of  7075-T6  is  shown  for  comparison.  It  can  be  seen  that 
the  fatigue  behaviour  of  the  experimental  AL  9021  was  better  than  that  of  7075  material. 
However,  other  studies  using  the  commercially  available  form  of  the  material  have  shown 
that  the  7075  material  is  somewhat  better  than  the  commercially  produced  material.  Thus 
again  the  performance  advantage  has  been  lost  once  commercialization  was  established. 
Fatigue  characteristics  of  a  material  are  closely  related  to  the  combined  overall 
strength  and  ductility  relationships.  Therefore  it  can  be  appreciated  that  a  loss  of 
ductility  will  directly  affect  the  fatigue  life  of  a  material  v hen  operating  in  the 
crack  propagation  regime.  Again  it  is  found  that  the  commercially  available  material 
has  no  advantage  over  using  other  conventional  materials  with  respect  to  its  fatigue 
properties . 

10.  CONCLUSIONS 


As  can  be  seen  this  mechanically  alloyed  aluminum  started  out  with  a  number  of 
material  properties  that  were  better  than  anything  that  was  available  by  whatever  means 
of  other  processing  used.  The  initial  material  was  developed  such  that  it  had  higher 
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strength/ductility  combinations  and  higher  fracture  toughness  values  and  better  fatigue 
crack  growth  relationships  than  any  other  material  available.  However,  during  the 
application  of  extending  the  material  to  commercialization,  a  loss  of  control  was 
experienced  in  maintaining  the  initial  property  relationships.  Much  of  this  loss  of 
control  is  due  to  the  difficulty  in  understanding  the  inherent  relationships  between  the 
oxygen  and  carbon  or  hydrocarbon  within  the  material.  This  difficulty  in  appreciating 
the  complexity  of  the  material  is  primarily  due  to  the  ultrafine  grain  size  within  the 
material,  but  also  is  a  result  of  totally  different  reactions  occurring  within  the 
material  that  we  are  not  knowledgeable  of  at  the  present  time. 

This  very  complex  but  unique  type  of  reaction  as  presently  designated  as  a 
mechanical  proximity  reaction  holds  enormous  promise  for  the  development  of  super 
materials  in  the  future,  it  would  appear  that  specially  designed  materials  can  be 
fabricated  in  a  manner  that  would  include  a  harmonious  relationship  between  metal, 
ceramic  and  polymer  co-existing  simultaneously  within  the  material  on  an  extremely  fine 
intermixed  scale.  Therefore  it  is  much  too  early  to  write  off  the  aluminum  mechanically 
alloyed  materials  as  not  living  up  to  their  initial  expectations  as  it  would  appear  that 
the  commercialization  aspect  got  too  far  ahead  of  the  research  and  understanding  aspect 
for  these  materials. 

From  what  has  been  determined  to  date  with  regards  to  the  unique  property 
relationships  and  the  phenomena  that  occurs  in  these  materials,  it  would  appear  that 
this  is  an  extremely  fruitful  area  to  project  future  research  and  development.  It  is 
most  likely  that  the  future  of  tomorrow  will  use  an  engineered  material  processed  by 
mechanical  alloying. 
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Table  1.  Chemical  Composition  of  Al  9021 


Cu 

Mg 

C 

0 

si 

Fe 

Mn 

Cr 

Zn 

Al 

wt  % 

4.0 

1.5 

1.1 

0.8 

0.05 

0.02 

0.01 

0.01 

0.01 

Balance 

Table  2.  TENSILE 

MECHANICAL 

PROPERTIES 

property 

AL 

9021-T452 

2024-T4 

7075-T6 

Later  Commercial  Mtl 

Early  Experimental  Mtl 

Longitudinal 

Ref ( 19) 

Ref  (21) 

Ref (8) 

Ref (20) 

Ref (19) 

Ref (19) 

yield  stress,  MPa 

528 

535 

579 

560 

335 

490 

ultimate  stress,  MPa 

590 

600 

616 

600 

442 

537 

elongation,  % 

9.8 

7.2 

15 

12 

13.4 

9.2 

Transverse 

yield  stress,  MPa 

547 

523 

591 

- 

- 

- 

ultimate  stress,  MPa 

609 

587 

612 

- 

- 

- 

elongation,  % 

8.1 

8.3 

14 

- 

- 

- 

Table  3.  FRACTURE  TOUGHNESS 


Property 

AL  9021-T452 

2024-T4 

7075-T6 

Later  Commercial 

Mtl  Early  Experimental  Mtl 

Ref(22) 

Ref ( 8 ) 

Ref (23) 

Ref (24) 

Ref (22) 

Ref (22) 

KIC,  MPav'm 

28.5 

37.5 

39.5 

38.4 

36.9 

26.5 

Kc,  MPa^/m 

37.7 

- 

- 

- 

54.3 

29.2 

Figure  1.  Optical  microscopy,  AL  9021  material, 
etchant  Keller's  reagent. 


Figure  2.  SEM  microscopy,  cracks  in  material 
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Figure  6.  Microhardness  of  aged  AL  9021  material. 


Figure  7.  SEM  microscopy,  microcracking  and  «oid  formation. 
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Figure  8.  Dllatometrlc  behaviour  of  as-received  AL  9021 


10  mm 


J 


Figure  9.  Chromatograph  analysis  of  evolved  gas 
out  of  AL  9021. 


Figure  10.  Extensive  gas  porosity  in  material. 


Figure  13.  SEM  microscopy,  shear  ridges. 


Figure  14.  SEM  microscopy,  microsuperplasticity 


Figure  15.  SEM  microscopy,  stress  striations. 
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Figure  16.  Fatigue  crack  growth  behaviour  of  AL  9021 
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RESUME 


Les  materiaux  composites  a  fibres  sont  constitues  d  un  renfort  fibreux  qui  peut  etre 
complexe  et  qui  leur  confere  eventuellement  une  anisotropie,  et  d  une  matrice  qui  occupe  le 
reste  du  volume 

Les  fibres  de  renforcement  sont  le  plus  souvent  minerales  carbone,  bore,  oxydes, 
carbures,  nitrures 

Dans  les  matrices  organiques  et  metalliques  on  recherche  un  renforcement  de  la 
matrice  avec  dans  le  cas  des  fibres  longues  une  exploitation  maamale  des  proprietes  des  fibres 
Pour  les  composites  a  matrice  organique  la  temperature  d  utilisation  est  limitee  et  pour  aller 
vers  des  temperatures  d'utilisation  plus  elevees  les  composites  a  matrice  metallique  sont  une 
vote  interessante 

Bien  que  certaines  caraeteristiques  et  utilisations  des  CMM  a  fibres  longues  soient 
encore  couvertes  par  le  secret,  il  easte  dans  la  litterature  ouverte  des  etudes  qui  permettent  de 
cerner  les  parametres  d'elaboration  et  le  comportement  microscopique  et  macroscopique  de  tels 
materiaux  et  done  de  mieux  prevoir  les  applications  possibles 

Dans  ce  papier,  apres  un  bref  rappel  des  problemes  generaux  poses  par  les  CMM., 
nous  citons  une  serie  d  etudes  recentes  menees  en  France  dans  ce  domaine  et  qui  concement  les 
principaux  aspects  ou  des  recherches  sont  encore  necessaires  pour  maitnser  technologiquement 
ces  materiaux 

1  -IfFTRODUCOOW 

Les  materiaux  composites  a  fibres  longues  et  a  matrice  organique  associent  resistance 
et  rigidite,  a  une  faible  masse  volumique  et  a  un  bon  comportement  sous  solicitations  cycliques  , 
ils  ont  done  connu  un  developpement  important  dans  les  applications  oil  le  gain  de  poids  est 
essentiel,  e'est  a  dire  les  industries  des  materiels  de  transport  au  sens  large  et  le  domaine  du 
sport 


Malgre  des  performances  remarquables  ces  materiaux  presentent  cependant  queiques 
points  faibles  :  une  tenue  limitee  en  temperature,  en  depit  de  gains  recents  significatifs  mais 
couteux,  une  resistance  a  l'environnement  limitee  en  particulier  vis  a  vis  des  atmospheres 
humides  etdes  rayonnements  U.V.,  une  conductivite  thermique  et  electrique  faible 

L  extension  de  la  notion  de  composite  a  des  matrices  minerales  peut  permettre  de 
surmonter  ces  difficultes  Les  metaux  -  et  plus  particulierement  les  alliages  legers  -  sont  des 
matrices  possibles 

-  leur  tenue  en  temperature  est  largement  superieure  a  celle  des  matrices  organiques 

-  leur  allongement  a  la  rupture  est  dans  tous  les  cas  supeneur  a  celui  des  fibres  ce  qui 
permet  d'en  tirer  le  meilleur  parti. 

-  leur  caraeteristiques  mecaniques  propres  conduisent  a  de  meilleures  proprietes  de 
resistance  perpendiculairement  aux  fibres  (caraeteristiques  transverses) 

ils  sont  bons  conducteurs  de  la  ct  ileur  et  de  l  electricite 

.  ils  presentent  -  sous  certaines  reserves  une  bonne  stabilite  vis  a  vis  de 
l'environnement 


Bten  enteodu,  la  presence  de  libra*  Mgtrat  4  haute  r4«tttaao*.  4  lort  module.  permel 
an  outre  dobtenir  de*  caractenstiques  etocatntaa  (tabtaau  I).  ameborant  4  U  lot*  a  la 
temperature  ambiante  et  4  chaud  la  contraint*  4  rupture,  1*  module  dloung  et  la  tenue  an 
fatigue  ||  ast  tgalament  poesiNe  da  (ooer  tux  la  coadKtaat  da  dtla tattoo  (an  la  diminuant) 

It  faut  notar  capandant  qua  cat  gams  da  caracttnstiquas  soot  acquis  aux  departs  da 
I'alioogement  4  la  rupture,  da  la  stability  dimanstoonaUa  sous  cyclaga  Otarmtqua  at  das 
possibility*  da  misa  an  oeuvre  at  dassamblaga 

La  cboix  da  matncas  part orman tas  at  da  libras  da  ranlorcamant  da  quality  ast  sans 
douta  necessaire  pour  attaindra  las  maiUauras  propriety*  possibles,  mais  la  dtsposittoo  das 
libras  par  rapport  4  la  dir  action  da  sotliatatioa  na  last  pas  moms 

En  allot,  la  resistance  4  mptura  du  composita  6061/PI00  du  tableau  I  (I)  paut 
tombar  da  745  4  125  MPa  si  l'axa  da  traction  ast  4  15*  da  la  dir  action  das  libras  Ca  results! 
Ulustra  la  necessity  da  lamptoi  da  libras  longuas  dont  on  maitrtsa  ronentatioo  pour  war  la 
meilleur  parti  da  lassem  biage  libra  matrica  Enlin.  cartainas  tacbmquas  delaboration  das 
compositas  4  libras  longuas  parmattant  d'utiiiser  una  traction  votumiqua  alavaa  da  maUnau  da 
ranlorcamant 


Las  mataux  at  alliagas  las  plus  utilises  soot  evidemment  las  ailiagas  lagers  at  sami- 
legers  4  base  d'alumimum  at  da  titans  qui  ollrant  apr4s  ranlorcamant  un  modula  at  una 
resistance  spedlique  qui  peuvant  las  placer  lavorablamant  par  rapport  aux  compositas  4 
matrica  organiqua ... , 

L'alumlnium  at  sas  alliagas  consituant  la  clas9a  da  maMnaux  la  plus  utilisaa  at  la 
tabtaau  (Ua)  rassambla  las  propnatas  physiques  at  macamquas  assentiaUes  das  alliagas 
disponibles  4  l'etat  da  demi-produit  at  utilises  la  plus  (requemment  comma  base  da  matrica 

II  taut  ajouter  4  cette  lists  las  alliagas  da  (ondarie  ou  la  silidum  ast  I'dlement  damage 
principal  (s^rie  4000)  Dans  ca  cas.  las  matncas  las  plus  employees  pour  las  procOdes 
delaboration  par  vote  liquids  contiennent  antra  5  at  13  X  da  Si 

Enlin.  quelques  alliagas  4  bauta  raststanca  du  type  Al-Zn  -  Mg  -  Cu  (sana  7000)  ont 
ate  agalemant  essayes 

Les  qualities  qui  (ont  da  1’aluminium  una  bonne  matrica  potentielle  basse  donate,  bas 
module,  laible  resistivity,  bonne  conductivity  tbermique,  se  ratrouvant  4  das  degr4s  divers  dans 
le  cas  du  magnesium  at  da  sas  alliages  (tableau  (li  b)) 

La  density  du  magnesium  (1,74)  la  rand  tout  a  (ait  comparable  aux  matncas 
orgamques  et  aux  libras  da  carbone  (da  1,7  4  2).  Da  plus,  son  tras  bas  module  at  sa  resistance  a 
la  rupture  modes te  an  (ont  un  axcaUant  candidat  4  la  ngidilication  at  au  ranlorcamant  par  das 
libres 

L  mtyret  du  Titane  et  da  sas  alliagas  malgry  laur  density  dyj4  yievya  (4,5 1  4  retat  pur) 
se  situe  dans  le  fait  quils  prysentent  avec  un  bas  modula  una  rysistance  mecanique  voisina  da 
celles  des  aciers  et  un  comportement  4  chaud  qui  permet  dextrapoler  largamant  les  possibility* 
des  alliages  de  magnesium  at  d  aluminium 

Comme  le  precede  delaboration  necessite  des  (euillards  mincer,  (environ  15  |im) 
seulas  las  alliages  de  type  a-p  et  parmi  aux  la  TA6V,  ou  p  mytastablas  peuvant  atre  ratanus 

D  autres  matrices  4  bases  d  alamants  plus  denses  (suparalliagas,  Ni,  Co,  Cu,Pb)  ont  (ait 
aussi  lobjet  d  essais  soit  pour  das  matyriaux  model es,  soit  pour  das  applications  speoliquas 
Nous  na  las  evoquerens  pas  ici 
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Us  litres  de  renlor  cement  dcxvent  pocseder  t  U  lots 

-  une  resistance  4  la  rupture  elevto  et  un  haut  module  dyiasOdt*  stables  dans  le 
domains  d Usage  avec  la  ma trice  ntotallique 

-  une  (aible  density 

-  une  grande  stability  chimique  et  une  compatibility  chimique  et  physique  avec  la 
ma  trice  (mouillability,  reaction  clUmique  a  1  interface.  et  coefficient  de  dila  tattoo) 

11  est  clair  que  les  solides  lagers  covalents  carbooe,  sUiaum.  bore  et  tours 
combinaisons,  auxqueltos  il  faut  ajouter  l'alumine  permettroot  de  rempUr  tos  deux  premieres 
conditions 

Us  tableaux  III  rassemblent  les  prina pales  caractenstiques  de  quelques  fibres 
(filament  multibrins  ou  fibres  CVD)  qui  oot  parfois  M  coocus  spectaleinent  pour  le 
r enforcement  des  matrices  metalliques  Ces  fibres  soot  egatoment  refractaires.  (SIC  se 
decompose  4  2700‘C,  l’alumine  fond  4  2050*C,  le  carbooe  se  sublime  vers  3 SOCK)  et  certames 
possedent  une  bonne  inertie  chimique  qui  justifto  tour  empkx  avec  tos  ntotaux  Par  contra  tour 
coefficient  de  dilatation  est  toujours  inierieur  4  celui  des  matrices  (env  343  10-6  K- 1) 

Us  fibres  multibrins  4  base  de  carbooe,  de  carbure  de  sllicium.  et  d'alumine.  soot 
obtenus  par  filage  dun  precurseur  liquids  suivl  dune  pyrolyse  et  eveotuetlement  dun 
traitement  de  graphitation  4  Haute  temperature 

Dans  to  cas  des  fibres  de  carbooe  qui  se  presen  tent  sous  forme  <to  meches  comportant 
plusieurs  milliers  de  filament  Clemen taires  de  faible  diametre  (7  4  10  |im),  to  traitement  de 
graphitation  permet  daugmenter  to  module  dToung  et  la  conductivity  ilectrique,  tout  en 
diminuant  la  reactivity  chimique.  mais  cette  evolution  se  fait  aux  depens  de  la  resistance  4  la 
rupture  et  de  la  density  Ces  fibres  sent  fortement  anlao tropes .  to  module  peut  varier  d  un  ordre 
de  grandeur  entre  la  direction  de  l  aw  de  la  fibre  et  la  direction  perpendiculaire  de  meme  que  le 
coefficient  de  dilatation  avec  une  vatour  yventuellement  negative  paralieiement  4  law  (-  0.5 
10-6  K‘*  pour  la  fibre  T300  1.6  10*6  E'1  pour  la  fibre  P 100) 

Cette  propriety  assodee  4  une  conductibility  thermique  et  yiectrique  elevee  est  4 
l'origine  de  l'emploi  de  la  fiche  P 100  pour  les  composites  'sans  dilatation' 

La  fibre  mutibrms  commercial tsee  par  NIPPON  CARBON  sous  la  marque  NICALON  est 
obtenue  4  partir  d  un  precurseur  de  polycarbosilane  et  n  est  pas  constituee  de  SiC  pur  mais 
contient  de  l'oxygene  combine  et  du  carbone  libre  (SiC  64  C  15  S1O221)  avec  une  certaine 
variability 

Des  recherches  actives  sont  actuellement  menyes  et  en  particulier  en  France  pour 
developper  de  nouvelles  fibres  multibrins  4  base  de  SiC  (ou  Si3N4) 

Les  fibres  multibrins  4  base  d'alumine  sont  soit  const!  tuees  d'alumine  pure  a  (libre  FP 
de  DUPONT)  ou  dalumines  de  transition  (SAFFIL  de  ICI)  ou  dalumines  vltreuses  (SUMITOMO  et 
3M)  Saul  dans  to  cas  de  la  fibre  FP,  les  fibres  4  base  d'alumine  contiennent  de  la  silica  qui 
favorise  le  fibrage  permettant  d'obtenir  des  dlamytres  plus  petits  et  sieve  la  rysistance  4  la 
rupture,  tout  en  diminuant  to  module  dToung  (Tableau  III  b). 

Dans  to  cas  des  filaments  to  ctopot  chimique  en  phase  vapeur  au  contact  d  un  fit  chaud 
n'a  conduit  4  des  produits  disponibles  que  dans  le  cas  du  bore  et  du  carbure  de  silicium. 

Les  filaments  de  bore  pour  lesquels  les  premiers  travaux  remontent  aux  annees  1960 
(SNPE)  se  prison  tent  sous  forme  d'un  filament  4  ame  de  carbone  de  100  4  150  ym  de  diantotre 
presen tant  simultanyment  une  rysistance  spedfique  et  un  module  spydfique 


Mais  le  bore  reagit  ties  fortement  avec  ta  piupart  des  metaux  et  U  faut  l«  recouvrir 
d  une  barriere  de  diffusion  Le  filament  B/B*C  developpe  par  la  SNPE  et  fabrique  par  AVCO  est 
sans  doute  le  plus  performant  actuellement  (tableau  111  B) 

Les  filaments  de  SjC  sont  obtenus  par  CVD  au  contact  d  une  am*  de  carbon*  defiiant  a 
environ  1  J00*C  dans  une  atmosphere  coo  tenant  un  chlorosilane  On  peut  moduler  la  nature  »t  la 
composition  du  depot  pendant  lelaboration  et  ta  society  AVCO  dispose  de  filaments  d*  S,C  a 
structure  relativement  complex*  special ement  concus  pour  le  r enforcement  des  matrices 
metalliques  la  nuance  SCS2  recouvert*  d  un  film  de  pyrocarbone  de  I  ordre  de  1,5  jim  dope  en 
stlidum  tres  pres  de  la  surface  est  destmee  aux  matrices  d  aluminium  et  de  magnesium,  la 
nuance  SCS6  aux  matrices  de  titane  (2)  (Tableau  II  lb) 

Bien  dautres  fibres  morgamques  ont  4l»  envisagees  pour  le  r enforcement  des 
matrices  metalliques  metaux,  (W,  Mo,  Cr,  Aaers,  orydes  etc  )  mais  elles  ne  correspondent  plus 
au  critere  de  faible  density  que  nous  nous  sommes  fixes 

nib  L  interaction  fibre -matrice  -  compatibility  avec  les  matrices 
metalliques 

Les  metaux  liquides  et  en  particulier  l'alumimum  et  le  magnesium,  ne  mouiiient  pas 
spontan^ment  le  carbone  a  leur  temperature  de  fusion  Dans  ces  conditions  le  Uquide  ne 
setalant  pas  a  la  surface  des  fibres,  ne  penetre  pas  spontanement  par  capillarity  au  sein  d  une 
meche  ou  d  une  preforme  Ce  pbenomene  parait  lie  a  la  presence  d  une  fine  pellicule  d  alumine  a 
la  surface  de  l  aluminium  liquide 

II  faut  done,  soft  ameliorer  la  mouillabtlite  en  aioutant  a  la  matrice  certains  elements 
dalliage  (Li,  Ca,  Mg)  ou  en  modifiant  les  proprietes  de  surface  des  fibres,  soit  faire  appel  a  des 
techniques  dimprtgnation  sous  pression  elev^e  (forgeage  liquide) 

Par  aiUeurs  le  carbone  reagit  avec  les  metaux  pour  donner  dans  la  zone  d  interaction 
des  carbures  1  rag  lies  dont  la  fissuration  entraine  p*.r  concentration  de  contramte  locale  une 
rupture  prematuree  des  fibres 

H  faut  sgalement  noter  que  les  carbures  formes  sont  sensibles  a  l  action  de  l  eau  et  les 
interfaces  fibre  n  atrice  peuvent  devenir  des  chemins  privilegies  de  corrosion 

Enfin,  la  ryactivity  des  fibres  de  carbone  depend  de  leur  microstructure  et  elle  est  plus 
laible  dans  le  cas  des  fibres  les  plus  graphitees  du  type  PI 00  ou  les  plans  graptutiques  sont 
sensiblement  parallHes  4  la  surface  de  la  fibre  HI  (5) 

L  amelioration  du  mouiUage  par  traitement  superficiel  des  fibres  peut  se  faire  grace  a 
trois  types  de  traitement  (6) 

-  le  revetement  de  la  fibre  par  un  m4tal  depose  grace  4  une  gamme  tres  large  de 
procedes  physiques  ou  physico-chimiques  et  meme  par  voie  yiectrolytique  puisque  la  fibre  est 
conductrice. 

-  le  traitement  par  un  metal  alcalin  (Na,  E  ou  alliage  Na-K)  qui  la  rend  spontanement 
mouillable  par  l'alumimum  et  le  magnesium  ou  par  des  fluorures  (K2ZrF6  pour  les  matrices 
aluminium  (7) 

-  le  revetement  par  un  film  de  ceramique  (TiB,  Si02,SiC,  .) 

Dans  le  cas  des  fibres  4  base  d'alumine,  cest  l'addition  de  lithium  4  l  aluminium  qui 
s'est  montr^e  la  plus  efficace  pour  ameliorer  le  mouillage  Par  ailleurs,  les  procedes  de  depot  sur 
fibres  par  voie  physique  sont  egalement  applicables  La  situation  est  meilleure  dans  le  cas  du 
magnesium  puisque  les  fibres  d'alumine  sont  spontanement  mouiliyes  par  le  magnesium  et  ses 
aliiages  Par  ailleurs,  la  compatibility  du  magnesium  avec  l'alumine  doit  et'e  bonne  du  fait  de  la 
grande  stability  de  cet  oxyde 
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Comm#  1#  carbon#,  1#  carbur#  de  alKium  n  est  pas  mouill*  par  r aluminium  liquid*  a 
650*C  et  la  transition  mouillag#  -  non  mouillag*  s#  fait  v#rs  9^0*C  sous  air  Par  aiU«ur$. 
letablissement  d  un  diagramm*  Si-C  Al(6)  a  p#rmis  d*  montr#r  qu#  1#  carbur*  de  aiicium  #st  #n 
equilibre  av#c  lalliage  liquid#  a  bas#  d  aluminium  si  c#lui<i  coobent  sulf  isamment  d#  silicium 

Dans  1#  casd«s  tdam#nts  a  bas#  d#  SiC,  la  structure  d#  la  fibr#  #st  coccu#  pour  qu#  1# 
produit  d#  la  reaction  chimiqu#  ruperficteile  inevitable  n*  sent  pas  nocif  .  un*  couch#  d# 
pyrocarbon#  (homogen#  ou  un#  sequence  pyrocarbon#-SlC)  s#rt  4  ta  lots  de  couch#  sacrifici#U« 
et  d  obstacl#  a  lextension  dans  la  fibre  d#s  microflssures  imtie#s  dans  la  couch*  d#  carbur#,  scut 
pendant  reiaboration,  soit  pendant  1#  fonctionn*m#nt  du  composite 

IV  -  PROCEDES  DELABORATION 

On  peut  dasser  les  procedes  d'elaboration  des  CMM  a  fibres  longues  en  deux  grand#s 
categories  (6) 

- 1#$  procedes  par  voi#  solid#  et  semi  liquid#  4  partlr  d#  pr4-impr4gn*s  ou  de  nappes 
alternees  de  fibres  et  de  feuillards 

-  les  procedes  d impregnation  de  preformes  par  voir  liquid* 

Le  pre-impregne  par  analog!#  avec  1#  'pre-preg*  des  composites  a  ma trice  orgamque 
est  deja  un  demi  produit  ou  le  renfort  et  la  ma  trice  coexistent  dans  la  proportion  juste 
necessaire  4  la  realisation  du  composite 

L  elaboration  des  pr4-impr4gnes  s'effectue  en  continu  sur  des  meches  4tal4es  soit  par 
impregnation  direct*,  soit  par  le  passage  dans  un  bam  liquid*  precede  ou  non  dim 
pretraitement  de  la  fibre  suivant  la  mouillabilite  du  renfort  par  le  metal 

Les  methodes  dlrectes  depot  chimique  en  phase  vapeur.  evaporation  sous  vide, 
placage  iomque,  eventuellement  depot  eiectrotytiqu*  ,  permettent  difftalement  d’ajuster  la 
composition  de  la  ma  trice  et  retalement  des  mlches  est  d*bcat  Dans  le  cas  des  filaments  on 
peut  reallser  les  pre-impregnes  en  plaquant  une  nappe  de  filaments  contre  un  feulllard  damage 
et  on  solidarise  par  exemple  1  ensemble  par  une  projection  plasma  du  meme  ailiage 

Limpregnation  par  voie  liquid#  s'effectue  par  un  trempe  (realise  ou  non  sous 
pression)  suivi  dime  operation  de  pultrusion  La  composition  de  lalliage  peut  evidemment  etre 
ajustee  -  eventuellement  pour  assurer  le  mouillage  de  la  fibre  qui  peut  egalement  etre  traite# 
au  prealable  dans  le  meme  but 

A  partir  de  ces  pre-impregnes  il  est  possible  d  obtenir  par  pressage  a  chaud  des 
plaques  ou  des  formes  minces  Sauf  dans  le  cas  ou  le  pressage  s'effectue  en  phase  semi-liquide. 
le  comportement  plastique  de  la  ma  trice  et  la  diffusion  en  phase  solide  controlent  la  mise  en 
oeuvre  de  ce  procede  On  peut  Egalement  empiler  des  couches  alternees  de  fibres  main  tenues  en 
place  par  des  resines  eliminees  dans  les  premieres  phases  du  chauffage  et  des  feuillards  de 
lalliage  constituant  la  matrice. 

Le  pressage  4  chaud  a  4t4  employ^  pour  les  trois  types  de  matrices  metalliques 
4voqu4es  plus  haut 

Dans  l'impr4gnation  par  coulee  on  dispose  de  peu  d'informations  techmques  en  dehors 
des  cas  simples  unidirectionnels.  Pourtant  dans  (elaboration  des  CMM  par  moulage,  la 
realisation  de  la  pr4forme  fibreuse  est  une  4 tape  essentielle  qui  necessite  pour  l'orientation  des 
fibres,  des  tissus  ou  des  filaments  une  parfaite  connaissance  du  system#  des  contraintes  dans  la 
pi4ce  finie 

Limpr4gnation  de  c  ormes  complexes  se  heurte  aux  difftcult4s  d4j4  rencontr4es 
dans  la  r4alisation  de  pre-impreg... ,  par  trempe  manque  de  mouillabilite  des  fibres  et  r4action 
chimique  in4vitable  entre  fibre  et  matrice.  Ces  deux  conditions  qui  conduisent  a  des  conclusions 
contradictoires  sur  la  dur4e  et  la  temp4rature  de  l'interaction  fibre  matrice  sont  d'autant  plus 
difficiles  4  concilier  que  l'ecoulement  du  m4tal  liquid#  4  travers  la  pr4forme  peut  etre  difficile 
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Ce  parametre  suppWmantair*  a  conduit  au  dtvatoppamant  da  techniques  4*  cou)a*  sous  tort* 
presston 

II  n'y  a  pas  d*  discontinue  r4*U*  antra  las  procadas  da  coulaa  par  ample  gravit*  at 
la  forgaaga  liquid*  ,  la  domain*  das  prassions  istarmadiairas  (tusqu  4  qualquas  MPa)  ast  done 
u tilts*  dans  divers  procadas  an  fonction  da  l  alliag*  u tills*  ou  das  traitamant  prasiaMas  das 
renforts  Dans  I*  forgaaga  liquid*,  las  fortas  prassions  utilisaas  (aov  50  4  100  MPa)  parmattant 
d  assurer  Impregnation  mama  dans  lhypotMse  d  una  mouiiiabUitd  madiocra,  at  d  accroitr*  las 
proprietas  macamques  an  farmant  las  poroslUs 

Bian  entendu,  tout*  amelioration  da  la  mouillabiliU  (S  III)  parmat  da  diminuer  a  la 
tois  la  press! on  necessaire  <a  qui  paut  avitar  lendommagamant  das  libras  dans  las  praformas 
rigides  -  at  la  durae  d'apptication  ca  qui  limit*  l  intaraction  fibre  ma trice 

V  -  MAITR1SE  SC1EHTIFI0UE  ET  TECHH10UE  DES  COMPOSITES  A  MATRICE  METALL10UE 

L  ensemble  das  propri^tes  d Usage  a  pratiquement  M  teste  (sou van 1 4  l'ambianta  at  4 
chaud)  pour  toutes  las  combinaisons  fibras-matricas  qua  nous  avons  envisage*? 

•  module,  limit*  alastique,  charge  da  rupture,  allongement  4  rupture,  comportament 
en  fatigue,  amortlssement,  resilience,  cyclage  thermique,  dilatation,  conduction  thermique  et 
elactrique,  resistance  a  l'usure,  4  1  erosion.  4  la  corrosion,  assemblage,  ,  mais  il  parait 
raisonnable  da  dire  qua,  sauf  dans  certains  cas  particuliar  las  connaissances  actuallemant 
dispombles  na  parmattant  pas  encore  un  veritable  developpement  technotogique 

En  effet,  bian  qua  la  somme  das  resultats  concernant  las  caractanstiques  des  CMM 
soit  devenue  considerable  au  fit  das  ans,  las  valeurs  numanquas  na  sont  pas  toujours 
convergentes  Dans  las  paragraphes  precedents,  nous  avons  brievement  avoque  las  divers 
parametres  mtarvanant  dans  l  alaboration  at  il  ast  Clair  qua  las  dispersions  cumulees  (at  pas 
toujours  maitrisees)  a  la  fois  au  plan  das  materia  ux  da  base  at  des  procadas  (technique  choisie, 
sequence  thermique  at  mdcamque  )  an tr ament  I'existence  d  une  tras  large  fourchette  de 
valeurs  pour  presque  toutes  las  propneces  En  outre,  las  techniques  da  mesure  pour  1'instant 
calquees  sur  cedes  das  materia  ux  iso  tropes  na  sont  pas  toujours  adapters  at  peuvent  antrainar 
des  dispersions  supplemental^ 

Nous  nous  bornerons  done  dans  ce  tres  vast*  ensemble  possible  a  proposer  quelques 
axes  d'mt^ret  a  proper  des  proprietes  da  resistance  Ce  pendant,  il  faut  distinguer  entre  les 
resultats  obtenus  pour  le  module  d'41astiat*  ou  la  convergence  est  bonne,  et  les  valeurs 
experimental  proches  de  cedes  donnees  par  la  regie  des  melanges,  et  ceux  observes  pour  la 
limite  elastique  et  la  resistance  4  la  rupture  qui  sont  parmi  les  plus  disperses,  car  sensibtes  au 
detail  de  la  microstructure  et  tout  particuliar ement  de  linterlace  fibre-matrice 

Dans  une  approche  simple  de  ce  probteme  on  peut  postuler  que  te  compose  d  interface 
d  epaisseur  "e"  est  fragile  et  que  sa  fragmentation  oonstitue  pour  la  fibre  une  amorce  de  rupture 
La  charge  de-rupture  de  la  fibre  (compte  tenu  de  son  propre  comportement  fragile  modetise  par 
une  lot  de  Weibud)  ne  sera  pas  affectae  tant  que  "a"  demeurera  inferieure  4  la  dimension  des 
defauts  propres  a  la  fibre ,  au  dela  d  une  apaisseur  critique  '»c'  la  charge  de  rupture  de  la  fibre 
doit  decroitre  suivant  una  lot  du  type  Griffith  en  a- 1/2  (2)  La  nature  et  lepaisseur  de  cette 
zone  dinberaction  doit  done  etre  maitrisee  bian  qu'ell*  soit  difficile  a  discarner  dans  certains 
composites  Al(SiC)  ou  AI(A120j)  alabores  par  forgaaga  liquid*  11  laut  egalement  poursuivra  das 
actions  fondamentales  au  niveau  da  la  comprehension  fine  des  mecanismes  da  reaction  et  de  la 
structure  des  produits  obtenus.  Par  example,  il  semble  utile  de  bian  connaitre  la  stoechiometrie 
des  carbures  de  titane  puisqu'elle  gouverne  la  diffusion  des  elements  de  la  fibre  et  de  la  matrice 
4  travers  cette  "barrier*  de  diffusion" 

11  faut  souligner  a  ce  propos  le  module  que  constitue  l'adaptation  progressive  das 
filaments  de  SIC  (AVCO)  aux  matrices  metaliiquas  A1  Wventueliement  Mg)  et  Ti,  basee  semble-t- 
il  sur  una  prise  an  compte  a  la  fois  da  la  physico-chimie  at  da  la  mecamque  de  la  rupture 

Par  ailleurs,  et  contrairement  aux  composites  4  matrice  polymer*,  la  matrice 
metallique  contribua  da  faqon  significative  aux  proprWtfe  m^caniques  de  lensemble  La  r^ponse 
de  la  matrice  4  das  conditions  da  coulee  trts  particuliar es  (infiltration  das  proformas)  qui 


favorisent  la  microsegregation  (10)01)  ou  des  traitements  thermiques  en  presence  de 
contraintes  internes  et  dune  grande  densite  de  dislocations  (12),  introdmt  un  (acteur  de 
dispersion  supplemental  et  inilue  (ortement  sur  les  proprietes  de  resistance  et  tout 
particuherement  sui  la  contxainte  d'ecouiement  Cette  contrainte  d  ecoulement  o(c)  s'ecrit  (pour 
une  deformation  imposee  e),  03) 


-r(t)  -  oo  ♦  of  ♦  «j>m  (1) 

oil  oo  est  la  contrainte  d'ecouiement  de  la  matrice  a  letat  massif, 

of  la  contramte  de  "frottement"  associee  au  franchissement  des  fibres  pour  les  dislocations 
par  un  mecanicme  du  type  OROWAN 

<o>m  la  contrainte  moyenne  dans  la  matnce 

<o>m  est  localement  la  somme  d'un  terme  provenant  des  contraintes  internes  qui 
prennent  naissance  pendant  le  refroidissement  du  materiau  microscoptquement  heterogene,  et 
dun  terme  issu  de  linteraction  fibre -matrice  en  presence  dune  deformation  globale  imposee  c 
Dans  le  cas  des  composites  a  fibres  longues  <o>m  est  preponderant  ( 13)  et  U  devient  Important 
pour  maitriser  la  limite  elastique  conventionnelle  de  developper  non  settlement  les  etudes 
systematiques  d*  microstructures  mals  egalement  des  mesures  de  contraintes  internes  dans  le 
matenau  massif  par  diffraction  neutronique  (14)  Le  terme  oo  par  ailleurs  sera  modlfie  par  la 
presence  deventuels  elements  d  amage  destines  sett  a  abaisser  la  temperature  d  eiaboration  par 
vole  solide  ( 15)  ou  liquide  (6)  sent  a  promouvotr  le  mouillage 

Enfln  la  modelisation  du  comportement  thermoelastique  des  matertaux 
miCTOheterogenes  englobant  les  composites,  a  fait  lobjet  de  nombreux  travaux  (Hill  1963.  Hal  pm 
et  Tsai  1967,  Kroner,  1973,  )  et  le  probleme  apparait  comme  quasi  resolu  Les  travaux  actuals 
portent  sur  lamelioration  des  techniques  de  calcul  et  des  methodes  dhomogeneisation  (16), 
mats  dans  lhypothese  dun  developpement  industriel,  le  passage  des  CMM  aux  bureaux 
d  etudes  rend  necessaire  la  prise  en  compte  dans  les  modeies  previsionnels  des  phenomenes  de 
plasticite  et  dendommagement  Des  etudes  experimen  tales  par  alleles  sont  alors  necessaires  pour 
tester  les  hypotheses  des  modeies  et  valoriser  les  r4sultats 

VI  -  LES  COMPOSITES  A  MATRICE  METALLIQVE  ffl  FRANCE 


La  France  apres  avoir  fait  figure  de  pionnler  dans  les  annees  i960  pour  certains 
C  MM  (travaux  de  la  SNPE.  de  la  SNECMA.  sur  les  Bore/Al  et  les  SiC/Al  appuy^  sur  les 
recherches  menees  a  lFcole  des  Mines  de  Paris  et  a  10NERA .),  a  ensuite  limite  ses  efforts  sans 
doute  en  labsence  d  une  motivation  soutenue  par  des  realisations  industrielles  La  recherche  sur 
les  materiaux  eux  memes  s  est  alors  concentree  dans  quelques  laboratoires  et  tout  specialement 
au  laboratoire  de  chimie  du  solide  de  FUniversite  de  Bordeaux  Cependant,  depths  quelques 
annees,  et  dans  Thypothese  raisonnable  d  applications  a  moyen  terme  un  interet  nouveau  se 
manifeste 

Cest  dans  ce  contexte  quen  1986  le  Ministers  de  la  Recherche  et  de  la  Technology  a 
estime  utile  d'encourager  a  la  fois  la  recherche  industrielle  et  des  recherches  de  base  en  faisant 
travailler  ensemble  autour  de  projets  4  finality  technologlque  des  chercheuis  du  secteur  public 
et  du  secteur  prive  Ce  "groupement  dinteret  scientifique"  (G  IS.)  rassemble  des  industriels 
elaborateurs  (PECH1NEY,  UNIREC,  ...)  des  industriels  utilisateurs  (AEROSPATIALE,  DASSAULT, 
SNECMA,  TURBOMECA,  d  une  part,  P  SA  et  Renault,  d  autre  part)  et  des  equipes  de  recherche 
reparties  dans  pres  de  20  laboratoires 

Dans  lensemble  des  recherches  menses  dans  ce  contexte  dinteret  renouveie,  il  y  a 
peu  de  travaux  consacres  speciftquement  aux  composites  4  fibres  longues  mats  les  etudes  4 
caractere  general  sont  aussi  dans  notre  propos  Nous  illustrerons  done  quelques  aspects  jug4s 
importants  dans  les  paragraphes  precedents  4  l  aide  de  travaux  recents 

La  figure  (I)  montre  une  piece  realises  par  le  Groupe  Pechiney  er-.  collaboration  avec 
T  Aerospatiale.  Les  proprietes  mecaniques  ont  ete  mesurees  sur  eprouvette  et  les  figures  (2)  et 
(3)  donnent  les  variations  avec  la  temperature  de  la  resistance  en  flexion  et  du  module 


4-X 


dynamique  C'$$t  une  bonne  illustration  des  possibilities  4  usage  a  cbaud  des  CMM  a  ma trice 
aluminium  (17) 


Le  comportment  en  cyclage  thermique  est  Ulustre  par  la  fig  (14)  Les  auteurs 
soulignent  que  le  coefficient  de  dilatation  nest  plus  une  propriety  mtrinseque  du  materiau 
puisque  Tapparition  d  une  tres  (orte  non  imearite  associee  a  la  uimte  d'ecoulement  de  la  matrice 
depend  non  seulement  de  la  contrainte  appUquee  mais  aussi  des  contraintes  internes  et  dvnc  dc 
ltustoire  thermique  et  mecantque  du  materiau  ( 16) 

La  fragmentation  d'un  mono-filament  fragile  dans  une  matrice  ductile  est  une 
technique  d'acces  a  la  mecanique  de  l'interlace  et  done  a  l'efficacite  d'un  traitemetit  superttoel 
par  la  mesure  du  cisaillement  critique  ic  qui  regie  le  transfer!  de  charge 

On  montre  ainsi  ( 14)  que  re  est  egal  a  145  MPA  dans  un  composite  TA6V/S1C  quand  la 
fibre  est  nue  et  que  cette  valeur  passe  a  245  MPa  s'il  s'agit  d  une  fibre  AVCO  du  type  SCS6 
Cependant,  le  modele  simple  donnant  acces  a  re  par  alt  msufftsant  comme  le  montre  la 
comparaison  entre  le  nombre  de  ruptures  estime  theoriquement  dans  ce  cadre  et  les  valeur: 
experimental^  (observees  sur  un  compposite  mono  filamentaire  A1  /SiC  (fig  5)  (20)  11  faut  sans 
doute  pour  expliquer  cet  ecart  encore  mal  compris  tenir  compte  des  contraintes  internes,  de  la 
difference  du  coefficient  de  Poisson  entre  fibre  et  matrice,  etc  Un  modele  global  tente  une  prise 
en  compte  de  l'ensemble  des  effets  (21) 

La  methode  de  la  goutte  posee  est  I'approche  experimental  la  plus  commune  pour 
etudier  le  mouillage  d  une  ceramique  par  un  metal  liquide  La  (lg  (6)  represente  en  traits 
continus  la  courbe  obtenue  classiquement  ,  Tangle  de  contact  8  reste  eleve  jusqu'a  1 150*K  puis 
decroit  brusquement  au  moment  de  la  disparition  de  la  couche  d'alumme  Des  experiences  ont 
ete  conduites  (22)  sur  les  couples  AI-AI2O3  et  Al-SiC  sous  un  vide  pousse  ( 1  o  5  Pa)  qui 
provoque  la  d^soxydation  en  quelques  minutes  vers  450  K 

Dans  le  cas  AI/AI2O3  (traits  discontisus  (fig  6))  la  valeur  dequilibre  de  8  passe  de 
125°  a  60°  en  un  temps  qui  depend  de  la  temperature  d'essai  Le  processus  de  mouillage  parait 
controle  par  le  processus  de  dissolution  de  SiC  dans  Taluminium  et  non  par  la  formation  du 
carbure  AlyCa  (qui  peut  etre  evitee  par  la  presence  d'une  quantite  suff isante  de  silicium  dans 
l'alliage  Al-Si). 

Cette  methode  permet  done  d'atteindre  la  valeur  mtrinseque  de  Tangle  de  contact  qui 
s  etablir  des  la  rupture  de  la  couche  doxyde  dans  des  procedes  du  type  forgeage  liquide  par 
example 

Les  fibres  de  carbone  multibrtns  sent  handicap^es  par  leur  faible  aptitude  au 
mouillage  et  leur  forte  reactivity  chimique  vis  4  vis  des  metaux  et  de  l  oxygene  C  est  pourquoi  le 
revetement  des  fibres  de  carbone  par  des  carbures  est  tres  travallle  et  les  procedes  se  rangent 
en  deux  categories  :  ceux  ou  le  metal  et  le  carbone  du  revetement  sont  apportes  par  les  gaz 
leactifs  et  ceux  ou  le  carbone  est  fourni  par  ta  fibre  elle-meme  (23)  Dans  les  deux  cas,  des 
depots  homogenes  ont  ete  obtenus  malgre  les  difficultes  d impregnation  a  coeur  de  la  meche  et 
la  figure  (7)  montre  la  tenue  a  Toxydation  a  fair  d'une  fibre  C/SiC  recouverte  par  le  second 
proceae 


L  elaboration  par  squeeze  casting  est  lim  des  procedes  qui  peut,  a  terme,  assurer  une 
production  en  s^rie  et  les  essais  d'un  tel  procede  se  sont  multiplies.  Cependant  le  r^sultat  fmal 
depend  d'un  tel  nombre  de  param&tres  qu'il  est  utile  de  posseder  un  modele  pour  ne  pas 
multiplier  les  essais.  La  figure  (6)  montre  les  rtsultats  d'une  approche  realise*  dans  Thypothese 
de  fibres  longues  disposees  parallelement  ou  perpendicular  ement  au  flux  metallique 
(impregnation  de  fibre  SIC  (Nicalon)  par  de  l  aluminlum  (24).  La  longueur  limite  d  impregnation 
decroit  tris  vlte  avec  la  fraction  volumique.  L'tnteret  de  ce  type  de  modules  est  qu  it  permet  de 
degager  rapidement  les  parametres  importants  sur  lesquels  il  faut  faire  porter  t'effort 
experimental 

Cette  list*  n  est  iv idemment  pas  exhaustive  ;  bien  d'autres  resuitats  ont  ete  obtenus 
recemment  et  des  travaux  divers  sont  en  cours  en  France  dans  les  laboratoires  inter esses  par  les 
CMM 


VII  -  CONCLUSION 


Les  composites  4  ma  trice  metaliique  a  fibres  longues  repondent  bten  en  prinape  a  ax 
besoms  exprimes  par  l'industrie  aerospatiale  de  materiaux  rigides,  et  possedant  une  meilleure 
tenue  en  temperature  que  les  composites  a  ma  trice  orgamque  classique 

Un  certain  nombre  de  barrier es  technologiques  ont  et4  levees  depuis  les  premiers 
travaux  et  des  applications  ont  ete  trouvees  dans  des  cir Constances  ou  [  aspect  'performance' 
est  primordial  (cbarpente  tubulaire  de  la  navette  spatiale  -  renforts  structuraux  davtons  de 
combats  -  materiaux  sans  dilatation  pour  optique  spatiale,  )  Les  produits  utilises  dans  ce  cas 
ont  attaint  une  maturite  technique  certaine,  mats  les  procedes  utilises  ne  peuvent  conduire  qu  a 
des  materiaux  ela bores  en  petite  quantite  sans  grand  espoir  d  une  veritable  industrialisation 

II  par  ait  clair  par  contre  que  les  procedes  bases  sur  une  impregnation  obtenue  par 
coulee  constituent  une  voie  davenir  par  la  possibility  d  acces  4  la  serie  ,  11  est  cependant 
necessaire  dans  ce  cas  dapprofondir  nos  connaissances  sur  Interaction  fibre-matrice 
(mouillabilite,  reaction  chimique  et  mecanique  de  la  rupture.  )  pour  ameliorer  en  parallele  la 
technique  meme  d  impregnation  qui  en  est  la  consequence  directe  (competition  entre  le  forgeage 
liquide  et  le  moulage  basse  et  moyenne  pression) 

Leffort  consent!  sur  la  macro  et  la  microstructure  de  la  matrice  (segregation, 
durcissement  par  precipitation,  )  est  actuellement  insuf  fisant  Les  etudes  sur  les  r  enforcements 
bybrides  qui  permettent  de  gagner  sur  les  deux  derniers  termes  de  lexpression  (1)  doivent  etre 
encourages 

Par  ailleurs,  le  prix  des  filaments  CVD  limite  probablement  leur  emploi  aux 
applications  prestigieuses  rappelees  plus  haut ,  On  peut  par  contre  envisager  un  tassement  du 
cout  des  fibres  multibrins  disponibles 

Le  veritable  demarrage  industnel  des  CMM  4  fibres  longues  en  depend  pour 

lessen  tiel 
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TABLEAU  I 


_ 

Mali  ice 

A1/606I 

Al/6061 

Mg 

Tt/TA6V 

Renfort 

S1C/SCS2 

Gr  P100 

GrP55 

SiC  SCS6 

Fraction  volumique  de 

40 

42 

40 

35 

renfort  * 

Contramte  de  rupture  en 

1487 

745 

827 

1470 

tension  or  MPa 

Aliongement  i  rupture  X 

0,86 

0.23 

Module  longitudinal  GPa 

200 

332 

172 

240 

Coefficient  de  dilatation 

0,3 

10-&K-1 (0- 100  *C) 

Masse  volumique 

1,88 

Ordre  de  grandeur  des  caracteristiques  de  quelques  composites  a  fibres 
longues  a  la  temperature  ambiante 


TABLEAUX  II 


Alliage 

■  ^ 

B 

Module 

GPa 

Contramte 
rupture  MPa 

Coefficient 
de  dilatation 
10-Gg-l 

Resistivite 

liDcm 

Conducti¬ 
ve  therm 

W/m*C 

A1  1050 

2,71 

69 

80 

23,6 

231 

20 14(T6) 

2.80 

74 

480 

22,5 

135 

2  02  41 T  3) 

2,77 

73 

465 

22,9 

120 

5454(0) 

2.69 

70 

250 

23.7 

136 

606 1(T6) 

2,70 

69 

305 

23,5 

167 

(0)  etat  recuit  -  (T  3)  trempe  ecroui  et  muri  -  (T6>  trempe  et  revenu 

Tableau  I  la 

Ordre  de  grandeur  des  proprietes  physiques  et  mecamques  de  quelques  alliages  d  aluminium 
dispombles  a  l'etat  de  demi-produit  et  utilisables  comme  matrice 


Alliage 

Masse 

Volumique 

2 OX  g/cm3 

Module 

GPa 

Contramte 
a  rupture 
MPa 

^efficient  d 
dilatation 
10-6  K-l 
20  -  100“C 

Resistivite 
(ifi  cm 
20°C 

'onductibi 
Ute  therm 
W/m°C 

Mg 

mm 

K1B 

msm 

4,46 

wsam, 

GA3Z1 

230/280 

10,0 

83,72 

G  Ag2(F) 

■KB 

170/220 

27,0 

14,1 

72,35 

GZ4Tr(F) 

mm 

Efl 

200/230 

27,1 

6,d 

1 13.01 

(F)  Alliage  de  fonderie  -  (C)  Alliage  de  corrozage 

Tableau  lib 

Ordre  de  grandeur  des  proprietes  physiques  et  mecamques  de  quelques  alliages  de  magnesium 

utilisables  comme  matrice 


TABLEAUX  Ill 


Nature  de  la  fibre 

diametre 

pm 

Masse 

Volumique 

g/cm3 

Module 

GPa 

Fibres  de  Carbones 

T  300 

1,8 

230 

3,450 

1.5 

M  40 

2 

500 

2450 

1.2 

GT  70 

8,4 

1,06 

520 

I860 

0.4 

P  100 

10 

2.05 

700 

2400 

o,3 

Autres  Fibres 

SiC  (Nicalon) 

10-15 

2,55 

180/200 

2500 

AI2O3  FP 

10 

3,05 

300 

2000 

0,4 

Al2O3-Si02(NeXtel) 

10-12 

3.1 

220 

1750 

0,8 

Al203-Si02 

9 

3.1 
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Figure  1  Composant  ereux obtenu  par  lorgeage  Uquide  (Rei  (17)) 
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Figure  2  Resistance  en  flexion  dun  CMM  Al+40  %  SiC  en  fonction  de  la  temperature 
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Figure  3  Module  dynamique  d'un  CMM  A1  ♦  40  S  SiC  en  fonction  de  la  temperature 
(Ref  (17)) 


Fiogure  (4)  Variation  dimensionnelle  pendant  le  cyclage  thermique  de  deux 

composites  unidirectionnels 

A1  1050/T300  -  AZ5GU  (T6)/T  300  (Ref  (18)! 
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Figure  (5) :  Variation  du  nombre  de  ruptures  dUn  monofilament  dans  un  composite 
modele  606 1  (T6)/SiC  -  a)  resultats  d  une  simulation ,  b)  resultats  experimental^ 


Figure  (6> :  Variation  de  t  angle  de  contact  liquide  -  solide  en  fonction  de  la 
temperature  dans  le  systems  AI/AI2O3 

a)  courbe  classique  (P  -  10*2  &  io*4  Pa) 

b)  Courbe  obtenue  sous  vide  elevi  (P  de  1'ordfe  10*5  Pa)  ref  (22) 
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ABSTRACT 

Short  fibres,  whiskers  or  particles  of  ceramic  materials,  e.g.  silicon  carbide  and  alumina,  when 
dispersed  in  a  more  or  less  random  manner  in  a  metallic  matrix  can  promote  increases  in  stiffness  and 
strength  at  ambient  and  elevated  temperatures  without  imposing  a  weight  penalty.  The  paper  considers  the 
available  routes  for  the  fabrication  of  such  composites,  e.g.  by  squeeze  casting,  spray  forming,  powder 
technologies  and  hot  working  etc.  Influences  of  type  and  amount  of  reinforcement,  matrix  alloy  selection 
and  processing  route  on  strength,  creep  and  fatigue  resistance  are  discussed.  Comparisons  are  made  with 
conventional  metals  and  alloys,  and  polymers  and  metals  reinforced  with  continuous  fibres.  Attention  is 
drawn  to  the  behaviour  of  these  materials  under  compressive  loading  as  well  as  to  their  thermal  expansion 
and  conductivity.  The  majority  of  the  matrices  considered  are  aluminium-based. 


1.  introduction 

In  the  design  of  a  given  component  in  those  industries  concerned  with  vehicle  manufacture  it  is  a 
major  requirement  that  minimum  weight  of  material  be  used  in  its  subsequent  production.  This  objective 
must  be  combined  with  the  need  to  form  and  fabricate  at  reasonable  cost  and  then  the  part  should  operate 
in  service  with  minimum  maintenance.  Aerospace  technology  has  consistently  attempted  to  promote  thei 
concepts  particularly  since  the  rise  in  fuel  costs  of  the  1970*s.  Such  a  philosophy  has  put  traditional 
metallic  materials  under  threat,  e.g.  aluminium  alloys  in  airframe  construction  having  to  compete  with 
low  density  carbon  fibre  reinforced  plastics  (CFRP)  and  in  engine  technology  ceramics  with  the  potential 
to  operate  at  higher  temperatures  are  undergoing  active  consideration  as  possible  replacements  for  nickel 
base  superalloys. 

In  modern  military  aircraft  over  one  quarter  of  the  airframe  mass  is  fabricated  in  CFRP^).  Moves  are 
bei~<?  made  to  consider  such  organic  matrix  composites  for  further  non-st ructural  and  structural  parts  of 
aircraft.  To  counter  this  challenge  developments  in  light  metals  (Al,  Mg  and  Ti)  have  taken  place.  In 
aluminium  technology  there  has  been  a  consistent  effort  to  develop  and  promote  lithium  containing  alloys 
and  rapid  solidification  powder  (RSP)  materials.  Alongside  these  developments  continuous  fibres,  e.g. 
carbon,  silicon  carbide,  alumina;  whiskers,  e.g.  silicon  carbide;  short  fibres,  e.g.  alumina,  and 
particles,  e.g.  silicon  carbide,  have  been  introduced  into  light  metal  matrices  in  an  attempt  to  improve 
specific  properties.  Metal  matrix  composites  (SMC’s)  with  discontinuous  reinforcement  (short  fibres, 
whiskers  and  particles)  have  more  isotropic  properties (2-4)  than  those  fabricated  with  continuous 
undirect ionally  aligned  fibres  and  are  potentially  cheaper  to  manufacture.  Significant  levels  of  activity 
are  being  promoted  in  developing  these  ^MC*s  in  a  number  of  international  companies.  This  paper  outlines 
the  techniques  which  have  been  developed  to  produce  such  materials  and  then  goes  on  to  provide  an  insight 
into  the  mechanical  and  physical  properties  which  have  been  achieved  to  date. 

2.  PRODUCTION  OF  DISCONTINUOUS  PCTAL  MATRIX  COMPOSITES 

The  processes  used  to  manufacture  these  materials  attempt  to  produce  an  even  distribution  of  short 
fibres  or  particles  either  completely  throughout  or  in  designated  regions  of  the  component.  Fibre  or 
particle  volume  .fractions  have  been  in  the  range  10\  to  40\,  although  the  majority  of  effort  has 
concentrated  in  the  lower  end  of  the  reinforcement  range.  Porosity  in  the  composite  should  be  minimised 
and  conditions  at  the  reinforcement-matrix  interface  should  be  controlled  to  optimise  bond  strength.  Two 
major  groups  of  manufacturing  routes  have  been  employed 

i)  those  using  liquid  metals  to  either  infiltrate  fibre  bundles  or  preforms  or  to  mix  with 
particles,  and 

ii)  where  solid  state  methods  are  employed,  here  metallic  powders  are  mixed  and  blended  with  the 
reinforcement  and  then  hot  pressed.  This  is  followed  by  secondary  processing  such  as  extrusion, 
forging  or  rolling  to  provide  a  product  form. 

Fig.  1  provides  a  more  complete  representation  of  possible  production  routes  for  composites  with 
discontinuous  reinforcement. 

Use  of  Liquid  Metal  Technology 

The  simplest  form  of  production  for  particle  reinforced  frWC's  is  the  use  of  melt  stirring.  Here 
surface- treated  particles,  usually  a-SiC  («10  urn  in  size),  are  stirred  into  the  molten  alloy.  After 
achieving  an  even  particle  distribution  the  melt  is  then  cast  either  to  shape  or  to  form  an  ingot  for 
subsequent  working.  Surface  treatment  of  the  particles  is  necessary  in  order  to  achieve  particle  wetting 
and  thereby  even  distribution  in  the  melt.  Excessive  reaction  between  particle  and  melt  has  to  be  guarded 
against  by  controlling  time  and  temperature  in  the  molten  state. 

Rheocasting  or  Co«pocasting(5)  i8  related  to  melt  stirring,  the  difference  comes  in  the  state  of  the 
metal,  it  is  in  the  semi-solid  or  ’mushy’  condition  when  mixed  with  the  particles.  During  stirring 
thixotropic  conditions  occur  provided  control  is  maintained  over  the  opfimum  volume  fraction  of  solid 
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particles  of  appropriate  size  distribution.  The  method  usually  produces  an  ingot  of  which  is  then 
subsequently  worked. 

A  set hod  of  producing  silicon  carbide  reinforced  JfIC’s  using  a  method  based  on  the  Osprey  spray 
deposition  process  (see  Fig  2)  has  been  introduced  by  Alcan  International,  Banbury,  Oxon^®*^.  In  this 
operation  liquid  aluminium  alloys  are  atomised  with  nitrogen,  and  silicon  carbide  particles  (>5*m  in  size) 
are  uniformly  fed  into  the  resultant  liquid  droplet  stream.  The  liquid  droplets  freeze  partially  during 
flight  and  then  finally  on  the  collector  surface.  Control  over  the  movement  and  the  shape  of  the 
collector  allows  tube,  forging  stock,  billets  and  ingots  for  extrusion  and  rolling  to  be  produced. 
Densities  approaching  theoretical  values,  i.e.  95-98*,  are  achieved  in  the  composites.  Rates  of  F*IC  ingot 
production  relate  to  those  achieved  in  DC  casting  operations. 

Squeeze  casting  has  received  significant  attention^®* in  the  preparation  of  fibre  reinforced  WC*n. 
This  process  requires  a  preheated  die,  preform  and  ram  which  allows  pressure  to  be  applied  to  the 
superheated  metal  (see  Fig  3).  Pressures  in  the  range  3-100  MPa  are  needed  to  overcome  capillary  effects 
and  frictional  forces  experienced  by  the  liquid  flowing  through  the  interfibre  channels.  There  is  a  need 
to  optimise  mould  and  preform  temperatures  (=200‘C  for  aluminium  alloys)  as  well  as  the  melt  superheat 
(=100K  above  liquidus  temperature)  and  time  for  which  pressure  is  applied.  Otherwise,  fibre  distribution 
and  degree  of  fibre-matrix  interaction  may  be  adversely  affected.  Squeeze  casting  usually  produces  net 
shaped  parts. 

Solid  State  Methods 


These  methods  relate  to  particulate  and  whisker  reinforced  composites^)  although  attempts  have  been 
made  to  incorporate  short  fibres^®)*  A  typical  processing  route  is  shown  in  Fig. 4.  Techniques  are  based 
upon  powder  technology  and  involve  the  preparation  of  suitable  pre-alloyed  powders  to  which  SiC  whiskers 
or  powders  are  added  and  blended-  With  aluminium  alloys  it  is  necessary  to  take  precautions  to  minimise 
surface  oxidation  and  contamination  in  these  and  subsequent  operations.  To  assist  in  this,  the  blended 
powders  are  canned  and  vacuum  degassed  prior  -to  consolidation.  The  consolidation  process  involves  hot 
pressing  or  hot  isostatic  pressing  (HIPping).  Secondary  processing  such  as  extrusion,  forging  or  rolling 
is  necessary  to  break  up  remaining  inter-particle  oxide  films.  The  processing  can  lead  to  net  shaped 
parts  and  after  hot  working  to  produce  sheet  and  sections. 

A  variant  of  the  powder  route  involves  the  process  which  is  called  Mechanical  Alloying^*); 
Pre-alloyed  powders  are  not  needed,  and  the  pure  metal  powders,  alloying  ingredients  with  oxides  and 
carbides,  are  subject  to  ball  milling  to  break  down  and  blend  the  constituents  together.  The  resultant 
powder  mixture  is  consolidated  into  composite  shapes  etc.  by  the  powder  metallurgy  techniques  described 
above. 

3.  MBCHAHICAL  BKHAVIOQB  ORDER  AMIKRT  00WPITI0HS 

Young* s  Modulus 

Short  fibres  and  whiskers  all  improve  the  stiffness  of  metal  matrices.  The  fibres  and  whiskers 
aligned  or  randomly  oriented  all  produce  increases  in  modulus.  Table  I  shows  the  improvements  found  in 
several  different  aluminium  alloys  produced  by  additions  of  Saffil  S-alumina  fibres  and  cf-silicon  carbide 
particles.  The  modulus  does  not  increase  in  a  linear  fashion  with  increasing  volume  fraction  of 
reinforcement  as  is  the  case  with  uniaxially  aligned  continuous  fibres  in  a  metallic  or  polymer  matrix, 
see  Fig. 5.  This  is  influenced  by  the  fibre-aspect  ratio  and  the  orientation  of  each  fibre  relative  to  the 
test  direction. 

The  moduli  achieved  in  all  the  aluminium  matrix  composites  referred  to  in  Table  I  exceed  those  of  the 
recently  developed  aluminium-lithium  alloys  (8090  etc).  Additions  of  silicon  carbide  and  alumina 
particles  or  fibres  to  aluminium  alloys  usually  produce  a  small  increase  in  density.  So  that  values  of 

specific  modulus  calculated  (see  in  brackets  in  Table  I)  for  the  reinforced  composite  alloys  are  not 

significantly  above  those  achieved  for  the  unreinforced  version  of  the  low  density  Al-Li  alloy.  Recently 
it  has  been  demonstrated'*'  that  SiC  particle  reinforced  8090  alloys  may  be  produced  by  the  spray  casting 
method.  The  combination  of  a  low  density  alloy  and  a  silicon  carbide  addition  of  10  vol.*  gives  a  density 
of  2600  kg/m9,  a  modulus  close  to  100  GPa  and  hence  a  specific  modulus  18*  greater  than  the  unreinforced 
alley. 

Yield  and  Work  Hardening  Behaviour 

Much  of  the  data  (see  Table  II)  which  has  been  reported  upon  discontinuous  reinforced  composites  has 
included  values  of  0.2*  proof  stress.  On  occasions  this  has  demonstrated  strengthening  improvements  for 
the  reinforced  material  over  the  unreinforced  matrix;  in  other  composite  samples  the  proof  stress  has 

shown  either  little  improvement  or  has  been  reduced  by  the  addition  of  the  reinforcement.  These 

variations  result  frem  the  influence  of  the  reinforcement  on  the  yield  stress  (as  specified  by  the  limit 
of  proportionality)  and  the  subsequent  work  hardening  behaviour  of  the  matrix.  Additions  of  both 
particles  and  fibres  has  been  shown  to  promote  large  increases  in  the  work  hardening  of  the  matrix 
particularly  at  low  levels  of  plastic  strain.  It  is  suggested  that  the  following  variables  have  a  major 
influence  over  the  yield  and  work  hardening  behaviour: 

(a)  the  size  and  shape  of  the  reinforcement, 

(b)  the  volume  fraction  of  the  reinforcement, 

(c)  the  type  of  alloy, 

(d)  the  nature  of  the  interface  between  reinforcement  and  matrix 

(e)  the  processing  route  of  the  co^>osite, 

(f)  the  relative  coefficients  of  expansion  of  reinforcement  and  matrix 

(f)  the  beat  treated  state  of  the  matrix  alloy. 

Co^oeitem  have  been  produced  chiefly  with  0-silicon  carbide  whiskers  (diameter  <  1/m  and  aspect  ratio 
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*50:1),  of-silicon  carbide  particles  (size  5-20/*  irregular  in  shape  with  an  aspect  ratio  <2:1)  and 
S-mluaina  fibres  (diameter  3 IM,  aspect  ratio  *50:1).  In  the  case  of  the  particles  there  is  little 
evidence  of  a  reduction  in  yield  stress  of  the  matrix  alloy,  the  extent  to  which  there  is  an  increase  in 
yield  stress  depends  upon  the  matrix  alloy  and  the  way  that  the  composite  has  been  processed^4) .  At  the 
other  extreme  the  presence  of  high  aspect  ratio  S-A120#  fibres  tend  in  a  number  of  alloy  matrices  to 
reduce  the  yield  stress  and  only  in  special  circumstances  to  increase  it  (see  Fig. 6).  The  volume  fraction 
of  fibres  or  particles  has  same  influence  on  the  yield  behaviour  e.g,  at  low  volume  fraction,  i.e.  <5 
volume  per  cent,  the  influence  either  positive  or  negative  is  relatively  small,  between  5  and  20%  the 
effect  grows,  and  beyond  25*  changes  are  more  marginal. 

The  type  of  matrix  alloy  can  influence  many  factors,  e.g.  the  alloy  composition  may  promote 
fibre-matrix  interaction  promoting  a  strong  bond  between  reinforcement  and  matrix.  A  matrix  alloy  may 
vary  from  a  low  strength,  highly  ductile,  non-heat- treatable  alloy  which  depends  upon  solute  strengthening 
to  an  age  hardening  high  strength  alloy  with  reduced  ductility.  There  are  examples  of  situations  where  an 
interaction  between  fibre  and  matrix  may  remove  or  reduce  the  concentration  of  certain  elements  in  the 
matrix  and  thus  preventing  precipitation  taking  place  during  ageing  particularly  adjacent  to  the 
fibred?)  . 

The  nature  of  the  reinforcement-matrix  interface  besides  influencing  precipitation  does  affect  the 
level  of  stress  transfer  between  the  two  components  of  the  composite.  In  continuous  reinforced  systems 
the  precise  nature  of  this  interface  is  not  always  critical  as  there  is  sufficient  fibre  length  over  which 
transfer  can  take  place.  With  the  equiaxed  particles,  the  ability  to  transfer  load  may  be  restricted 
particularly  when  the  matrix  begins  to  deform  plastically.  With  the  larger  aspect  ratio,  fibres,  e.g. 
S-Al^g,  load  transfer  may  become  significant  when  interfacial  bond  strengths  are  high. 

Processing  route  can  differ  quite  considerably  between  particulate,  whisker  and  short  fibre 
composites.  Particulate  reinforced  composites  can  be  hot  or  cold  worked  after  prior  formation  by  powder 
processing,  stir  casting  or  arc  spray  forming.  Interactions  betwqen  forming  temperature,  particle  size 
and  volume  fraction,  deformation  rate,  all  influence  the  subsequent  microstructure  of  the  matrix^^,  14) . 
The  major  influence  often  relates  to  processes  of  recovery  and  recrystallisation  and  the  resultant  grain 
sizes,  substructures  and  textures  which  remain  in  the  composite  after  processing.  In  geneial,  the  grain 
size  reduces  with  particle  diameter  and  with  increasing  volume  fraction  (see  Fig. 7).  It  is  often  possible 
to  prevent  recrystallisation  at  critical  combinations  of  particle  size  and  volume  fraction  (see  Fig. 7). 

With  small  diameter  whiskers  then  hot  deformation  still  remains  possible,  but  the  larger  whiskers  will 
only  remain  intact  at  high  working  temperatures  at  slower  deformation  strain  rates^4).  Particularly  in 
extrusion  conditions,  some  alignment  of  the  whiskers  is  possible  which  tends  to  promote  a  degree  of 
anisotropic  in  the  yield  behaviour  of  the  composite^).  Matrices  containing  short  fibres  of  larger 
diameter  and  aspect  ratio  become  difficult  to  deform^^  and  the  majority  of  work  which  has  been  carried 
out  relates  to  materials  in  the  as  cast  and  heat-treated  condition^4 » 10) . 

In  both  the  silicon  carbide-aluminium  and  alumina-aluminium  systems  there  is  a  significant  difference 
in  the  coefficient  of  thermal  expansion,  a,  between  fibre  and  matrix,  e.g.  S-A1203,  a  6  \  10"®  K-1  and 
Al,  a  =  23  x  10~®  K“*.  Thus,  after  casting,  hot  working  or  heat  treatment,  the  cool  down  to  ambient 
promotes  internal  stresses  in  the  composite.  At  temperatures  in  excess  of  200‘C  these  stresses  in  part 
are  relaxed  by  matrix  plastic  deformation  which  can  promote  increased  dislocation  densities. 
Humphreys^4)  has  demonstrated  that  in  a  SiC  particulate  reinforced  aluminium  composite  a  dislocation  cell 
structure  is  formed  during  a  fast  cool  or  quench  from  500'C.  Under  similar  cooling  conditions  an  Al-Cu -Mg 
(2014)  alloy  also  reinforced  with  SiC  particles  was  found  to  have  dislocation  loops  and  helices.  Nardone 
and  Prewo(l5)(  Taya  and  ArsenaultC^®)  have  demonstrated  that  such  dislocations  do  form  inhomogeneous ly  in 
the  matrix,  i.e.  close  to  the  reinforcement.  It  is  suggested  by  Humphrey s ( 1 4 )  that  such  a  distribution  is 
more  likely  in  an  alloy  matrix  where  higher  friction  stresses  would  be  found.  The  increase  in  dislocation 
density  would  promote  increases  in  matrix  yield  strength  and  the  work  hardening  rate. 

Cooling  below  200*C  may  promote  ^further  plastic  deformation  but  now  as  the  matrix  yield  stress  rises 
with  decreasing  temperature  the  ability  to  retain  elastic  stresses  increased.  This  leads  to  a  situation 
where  the  reinforcement  goes  into  compression  and  the  matrix  remains  in  tension.  The  residual  misfit  can 
be  calculated  in  small  particle  volume  fractions  using  Bshelby's  theory.  Many  workers,  Mori  and 
TanakaC*'),  Taya  and  Arsenault^®),  have  sought  to  apply  this  theory  to  larger  volume  fractions  of 
particles  and  whiskers.  Withers  et  al(^®)  have  demonstrated  the  existence  of  these  stresses  in  short 
silicon  carbide  fibre  reinforced  aluminium  composites  using  a  neutron  diffraction  technique  to  measure 
lattice  parameters  of  matrix  and  fibre  during  a  heat  and  cooling  cycle  (see  Fig. 8).  Differences  may  be 
expected  between  the  mechanical  behaviour  of  a  whisker  or  short  fibre  composite  at  ambient  and  that  of  a 
composite  containing  more  equiaxed  particles.  For  equiaxed  particles,  the  residual  stress  is  hydrostatic 
whilst  the  pattern  of  such  stresses  in  the  whisker  or  short  fibres  composites  has  an  anisotropic  shear 
component.  This  results  in  short  fibre  reinforced  materials,  having  yield  stresses  in  compression  which 
exceed  those  in  tension  particularly  where  there  is  some  alignment  of  reinforcement,  see  fig.  9. 

The  use  of  heat  treatable  alloys  is  a  prime  requirement  for  obtaining  reasonable  levels  of  strength  in 
discontinuously  reinforced  M-ICs.  The  heat  treatment  procedure  usually  requires  the  alloy  to  be  quenched 
after  a  solution  treatment  at  temperatures  close  to  500‘C.  Such  a  quench  will  significantly  increase  the 
dislocation  density  of  the  matrix,  and  perhaps  in  an  inhomogeneous  fashion.  Such  dislocations  may  then 
influence  the  subsequent  ageing  treatment  by  altering  the  kinetics  of  precipitation  or  by  changing  the 
precipitation  sequence.  Christman  and  Suresh(19)  have  demonstrated  that  the  S*(Al2CuMg)  precipitates  form 
on  the  increased  number  of  helical  dislocations  in  SiC  whisker  reinforced  2124  alloy.  The  incubation 
period  and  the  time  to  peak  hardening  for  the  alloy  are  reduced  by  the  introduction  of  the  whisker 
reinforcement.  Harris  et  al (20)  have  demonstrated  that  the  introduction  of  S  Al203  short  fihres  in  an 
Al-4%Cu  matrix  alloy  promotes  the  formation  of  0*(CuA12)  on  the  enhanced  dislocation  density  at  the 
expense  of  0"  which  is  usually  the  age  hardening  precipitate  at  the  peak  hardening  condition  in  the 
unreinforced  matrix  alloy.  This  can  be  confirmed  by  electron  microscopy  and  by  dilatometry  where  the 
formation  of  0*  is  associated  with  a  volume  change  (see  Fig. 10).  A  vol»ane  change  begins  to  occur  within 
5h  at  170*C  with  the  composite  material  whereas  it  takes  75  h  for  the  change  to  begin  in  the  unreinforced 


material.  As  in  the  case  of  the  2124  alloy  the  fc-Al203  fibres  have  been  responsible  for  introducing 
dislocation  loops  and  helices  which  act  as  suitable  sites  for  the  direction  nucleation  of  6’ 
precipitation,  it  is  worthwhile  noting  the  improvement  in  proof  stress  values  obtained  on  the 
S-Al203-Al-3.5*Cu  matrix  after  the  T6  treatment  at  170’C  above  those  achieved  by  natural  ageing  (T4).  See 
Fig.  1  (a  and  b).  This  improvement  may  be  related  to  the  volume  increase  which  takes  place  during  6' 
precipitation,  which  is  retained  on  returning  to  ambient  and  may  in  part  offset  the  residual  tensile 
stresses  in  the  matrix  (see  Fig. 12).  It  is  noted  that  no  significant  volume  change  occurs  during  natural 
ageing,  the  ageing  process  at  ambient  is  usually  associated  with  the  formation  of  OP  zones. 

The  consequential  effects  of  all  the  variables  listed  (a  to  g)  previously,  on  the  yield  behaviour  of 
the  discontinuous  NWC  composites  are  complex.  Certain  factors  which  have  been  discussed  almost  certainly 
give  positive  increments  to  the  yield  stress  others  are  negative.  The  positive  factors  may  be  listed  as: 

(1)  Fibre  or  whisker  aspect  ratio  encouraging  load  transfer  to  the  fibres  provided  the  fibre-matrix 
bond  strength  is  strong  enough.  This  aspect  is  not  very  relevant  to  particulate  reinforced 
composites . 

(2)  High  dislocation  densities  introduced  during  cooling.  The  magnitude  of  this  effect  is  difficult 
to  be  confident  about  because  of  differences  in  dislocation  type  and  distribution,  nevertheless 
in  most  circumstances  in  aluminium  alloys  this  contribution  may  be  significant. 

(3)  Small  grain  sizes  and  the  presence  of  substructures  are  usually  to  be  found  in  MMCs  with  particle 
or  fibre  volume  fractures  in  excess  of  10*.  The  Hall-Petch  equation  could  indicate  a  significant 
level  of  strengthening,  >  50  MPa,  to  these  composites. 

(4)  Dislocations,  substructures,  grain  boundaries  influence  precipitation  processes  in  the  matrix  and 
in  certain  alloy  systems,  this  might  enhance  yield  stresses  either  by  changing  the  precipitate, 
increasing  its  dispersion  or  providing  helpful  volume  changes. 

The  negative  factors  as  far  as  tensile  yield  behaviour  is  concerned  are: 

(1)  Residual  elastic  stresses  in  the  matrix.  Their  influence  on  tensile  yield  are  at  the  greatest 
level  when  the  reinforcement  has  a  large  aspect  ratio  and  when  some  alignment  of  the  whiskers  or 
short  fibres  has  taken  place  in  processing. 

(2)  Strong  fibre-matrix  interfacial  bond  strengths  which  may  prevent  matrix  relaxation  and  thus  allow 
the  retention  of  residual  tensile  stresses  in  the  matrix. 

Work  hardening  has  been  found  to  take  place  at  very  high  rates  in  all  particles,  whiskers  and  short 
fibre  reinforced  I“WCs  immediately  after  yield.  Contributions  may  arise  from  load  transfer  to  the 

particles,  short  fibres  or  whiskers.  The  method  of  transfer  may  be  via  Orowan  dislocation  loops. 

Humphreys ( H )  has  calculated  the  work  hardening  rate  for  the  particle  case  using  the  Brown  and  Stobhs^l) 
equat i on 

T  =  G’  T  Vf  €  (1) 

(where  T  is  the  matrix  mean  stress,  G*  is  +he  effective  composite  shear  modulus,  T  is  the  Eshelby 
accommodation  factor,  Vf  the  particle  volume  fraction  and  €  the  strain  on  the  composite).  This 

calculation  indicates  a  work  hardening  rate  value  which  is  close  to  that  measured  at  a  stage  immediately 

after  yield.  At  higher  strain  where  the  work  hardening  rate  in  most  composites  begins  to  fall  other 
mechanisms  may  become  involved  including  the  relaxation  of  Orowan  loops  and  the  generation  of  more 
dislocations. 

Fracture 

Fracture  strain  in  discontinuous  M4Cs  of  all  types  varies  between  0.7  and  8%.  The  lower  values  are 
encouraged  by  high  volume  fractions  of  reinforcement,  reinforcement  with  a  large  aspect  ratio,  strong 
reinforcement- matrix  inter  facial  bond  strengths,  strong  matrix  alloys  and  reinforcement  with  a  small 
failure  strain.  Examination  of  fracture  surfaces  reveals  evidence  of  ductile  failure  of  matrix,  failure 
at  fibre- matrix  interfaces  and  brittle  fracture  of  the  reinforcement.  To  highlight  this  variation  in 
fracture  behaviour  it  is  useful  to  describe  the  fracture  of  aluminium  alloy  composites  with  S-A1203  short 
fibre  and  ct-SiC  particle  reinforcements. 

A  reinforced  Al-Cu-Mg  alloy  (2618A)  containing  20vol*  Al203  fibres  failed  ut  low  strain  values  in  the 
T6  condition  (see  Table  II)  showing  frequent  fibre  failure,  particularly  in  those  fibres  aligned  close  to 
the  tensile  axis.  A] 203  fibre  composites  with  99.9*A1  or  Al-4*Cu  matrices  failed  at  higher  strains  and 
showed  instances  of  fibre-matrix  debonds,  where  the  axis  of  the  fibre  was  normal  to  the  loading  direction, 
and  also  of  fibre  pull-out  where  the  fibre  was  aligned  in  this  direction.  This  difference  in  behaviour 
appears  to  result  in  part  from  the  varying  bond  strength  between  S-Al203  fibres  and  the  variety  of  alloy 
matrices.  It  is  known  that  matrices  which  contain  magnesium  do  promote  strong  bonding  between  S-alumina 
fibres  and  the  alloy^S).  With  the  strong  bond,  stresses  are  more  efficiently  transferred  from  matrix  to 
the  fibres  and  opportunities  increase  for  the  fibre  to  reach  its  breaking  stress.  If  this  takes  place  at 
numerous  positions  in  the  cross-section,  e.g.  in  a  fibre-rich  area,  the  composite  is  weakened  and  the 
cracks  propagate  from  the  fibres  across  the  strongly  bonded  interface  into  the  matrix.  This  can  result  in 
a  lower  failure  stress  of  the  composite  than  the  tensile  strength  of  the  matrix.  The  more  weakly  bonded 
systems,  i.e.  unalloyed  aluminium  and  Al-4*Cu,  do  not  transfer  load  as  effectively  to  the  fibres  and 
eventually  with  increasing  stress  the  fibre- matrix  bond  breaks  down  at  the  ends  of  the  fibres  aligned  in 
the  loading  direction  or  at  other  positions  around  the  fibre  periphery  when  they  are  transverse  to  that 
direction.  Early  yield  in  the  composite  .<?•*<»  <ontiibufi*s  to  low  failure  strain  particularly  in  the 
strongly  bonded  systems  despite  the  high  rate  of  work  hardening  which  occurs  in  the  presence  of  the 
€- alumina  fibres.  These  composites  soon  reach  and  exceed  their  failure  strain  (0.67*). 


Silicon  carbide  particles  were  introduced  into  the  matrix  at  lower  volume  fractions  (10%)  than  the 
6-alumina  (20%)  and  higher  tensile  strengths  and  elongations  to  failure  have  resulted,  see  Table  II.  The 
particles  have  a  smaller  aspect  ratio  and  in  this  sense  are  not  able  to  receive  load  as  efficiently.  Even 
so,  McDanels(24)  has  shown  that  increasing  the  volume  fraction  of  particles  above  10%  does  bring  down  the 
strain  to  failure.  There  is  enly  a  small  amount  of  evidence  of  such  particles  fracturing  and  most 
fracture  paths  pass  through  the  matrix  or  in  some  situations  the  fibre-matrix  interface.  Hunt  et  al(25) 
has  suggested  that  fracture  in  these  composites  depends  upon  the  nucleation  of  voids  as  a  prerequisite  for 
initiating  ductile  matrix  failure.  Such  voids  may  nucleate  at  a  number  of  sites  including  fibre-matrix 
interfaces.  Argon  et  al^26)  pointed  out  that  high  volume  fractions  of  particles  encourage  local  stresses 
to  rise  and  thus  help  initiate  failure  at  low  strains,  particularly  in  higher  strength  matrix  alloys. 


4.  WCHANICAL  BEHAVIOUR  AT  ELEVATED  TEMPERATURES 

It  has  been  demonstrated  that  P>MC's  containing  particles,*  whiskers  and  short  fibres  do  show 
improvements  in  modulus  and  strength  at  elevated  temperature  over  unreinforced  alloys^®»24) .  in  the  case 
of  aluminium  alloy  matrices,  composite  strengths  in  excess  of  200  MPa  can  be  achieved  at  300*C  during 
short  periods  of  exposure  at  this  temperature,  see  Fig.  13.  Comparative  data  for  continuous  fibre 
reinforced  systems  is  also  given  on  Fig.  13.  Investigations  have  been  made  on  more  extended  times  at 
temperature  and  during  thermal  cycling  and  this  has  revealed  certain  dimensional  instabilities.  As  the 
temperature  rises  the  internal  stresses  within  the  composites  begin  to  relax.  At  temperatures  above  250’C 
processes  of  recovery  take  place  more  quickly  and  have  been  shown  up  by  techniques  such  as  neutron 
diffraction  analysis(*°' . 

Humphreys (14)  has  suggested  that  a  transition  in  mechanical  behaviour  takes  place  in  the  discontinuous 
composites  when  tested  at  temperatures  in  the  range  200-300*C.  Below  the  transition,  high  work  hardening 
rates,  high  flow  stresses  and  low  ductilities  are  found.  Above  the  transition,  the  work  hardening  rate 
reduces  and  increased  ductilities  become  apparent.  Thermally  controlled  diffusional  relaxation  of 
stresses  around  particles  have  been  put  forward  as  the  reason  for  this  transition.  Dislocations 
associated  with  the  particles  begin  to  climb  at  the  elevated  temperature,  so  that  they  do  not  accumulate 
around  the  particles  as  deformation  takes  place. 

Silicon  carbide  whisker  (Vf  =  20%)  reinforced  2024  alloys  have  been  stress  rupture  tested  at  200'C  and 
300 'C.  At  the  higher  temperatures  these  materials  show  that  they  can  carry  the  same  applied  stress  for  a 
hundred  times  longer  than  the  unrcinforced  2024  alloyC2?).  Creep  testa  were  also  carried  out  on  a  similar 
type  of  composite  material  with  the  exception  that  the  matrix  alloy  was  6061.  The  creep  curves  determined 
on  specimens  held  at  temperatures  in  the  range  232-371 *C  had  short  primary,  long  steady  state  and 
negligible  ternary  stages (28) .  The  steady  state  creep  rate  with  the  composite  is  significantly  lower  than 
that  found  in  the  unreinforced  alloy  and  the  activation  energy  obtained  from  the  data  is  three  times 
greater  than  the  activation  energy  for  diffusion  of  aluminium.  Lilholt  and  Taya(29)  have  confirmed  that 
the  stress  sensitivity  of  such  composites  are  larger  than  those  associated  with  the  matrix.  Creep  failure 
occurs  in  a  ductile  manner  with  no  evidence  of  fibre  failure. 

At  temperatures  in  excess  of  500 *C  particulate  composites  begin  to  show  evidence  of  grain  boundary 
sliding.  Under  certain  conditions,  i.e.  composites  with  small  particles.  5ym  in  size  and  a  fine  matrix 
grain  size  <10wn,  superplastic  deformation  of  ^WCs  becomes  possible(30) .  In  the  presence  of  large 
particles,  coarse  grains  and  higher  strain  rates,  lower  ductilities  can  result. 


5.  FATIGUE 

It  has  been  shown (2» 3^ » 32)  that  improvements  can  take  place  in  the  fatigue  properties  of  some  particle 
whisker  and  discontinous  fibre  reinforced  composites.  Stress  amplitude  versus  number  of  cycle  plots  (S-N 
plots)  obtained  on  samples  tested  under  zero-tension  cycling  conditions  revealed  a  pattern  of  behaviour 
similar  to  that  found  in  monotonic  tensile  testing.  If  the  reinforcements  provide  additional 
strengthening,  i.e.  enhancing  the  tensile  strength  beyond  the  values  obtained  upon  the  matrix  alloy,  then 
improvement  particularly  in  low  cycle  fatigue  strength  results(33) ,  see  Fig.  14.  Where  strengthening  of 
the  matrix  does  not  take  place,  then  fatigue  performance  is  below  that  of  the  matrix  under  low  cycle 
conditions,  but  begins  to  approach  it  at  high  cycle  lives. 

From  observations  made  on  fracture  -surfaces  and  on  surface  cracking  on  samples  subjected  to  cyclic 
loading  in  a  four  point  bend  test  rig,  it  appears  that  in  weakly  bonded  short  fibre  systems,  multiple 
cracks  initiate  from  fibre -matrix  interfaces.  The  cracks  grow  into  the  matrix  and  then  coalesce  as  the 
number  of  cycles  increases.  Tn  the  more  strongly  bonded  composites,  larger  ceramic  impurity  particles  or 
shot  included  on  a  random  basis  from  the  fibre  production  route  can  influence  the  fatigue  behaviour. 
Evidence  has  been  found  of  such  particles  cracking  and  initiating  fatigue  cracks  in  the  matrix  at 
relatively  low  cyclic  plastic  strains(32).  The  cracks  then  continue  to  grow  through  fibre  and  matrix  at 
crack  growth  rates  which  exceed  those  determined  on  the  unreinforced  matrix  at  all  values  of  AK 

In  the  case  of  silicon  carbide  particle  reinforced  alloys  the  influence  of  the  particles  and  their 
interfaces  is  not  entirely  clear.  Fatigue  cracks  often  propagate  through  the  matrix  regions  without 
apparently  involving  the  particles(33) .  Where  particles  become  involved  then  it  is  usually  the  interface 
which  breaks  down  although  some  evidence  of  particle  cracking  has  been  observed  in  short  life  specimens. 
Recently  Shang  and  Ritchic(34)  have  demonstrated  in  some  work  on  fatigue  crack  growth  rates  that  at  higher 
growth  rates  a  crack  bridging  phenomenon  occured  in  an  alloy  reinforced  with  15%  silicon  carbide 
particles.  It  appears  that  particles  crack  ahead  of  the  main  crack  but  not  necessarily  in  a  position 
which  lines  up  with  the  main  crack.  This  introduces  crack  ligaments  which  then  need  to  be  linked  and  thus 
promote  slower  crack  growth  rates  at  a  given  AK.  It  remains  to  be  seen  whether  there  is  some  optimum 
particle  size  or  volume  fraction  which  promotes  maximum  crack  bridging  influences  on  crack  growth 
behaviour. 
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6.  mi  f— rag 


With  the  majority  of  ceramic  fibre  or  particle  reinforced  Materials  there  is  a  significant  difference 
in  thermal  er^ansion  coefficient  between  reinforcement  and  aluminium  alloys.  It  has  already  been 
indicated  in  section  3  that  S-AljOg  short  fibres  have  one  quarter  of  the  expansion  coefficient  of 
aluminium  whilst  the  difference  is  greater  in  the  case  of  or-SiC  (3.8  x  10~*/K)  and  aluminium  (23  x 
10~®/K).  The  resultant  coefficient  for  the  composite  depends  upon  the  volume  fraction  of  the 
reinforcement  and  in  the  case  of  short  fibres  or  whiskers  any  alignaent  patterns  will  also  influence  the 
values.  Fig.  12  demonstrates  the  change  in  the  value  of  the  coefficient  in  the  temperature  range  0-170*C 
which  has  taken  place  by  the  addition  of  20*  $-Al209  short  fibres  to  an  Al-4*Cu  alloy.  The  fibres  here 
are  arranged  randomly  in  the  plane  and  measurements  were  made  parallel  to  that  plane.  Dinwoodie  et  al(10) 
has  demonstrated  in  a  similar  system  that  the  value  of  the  coefficient  begins  to  change  in  a  linear  manner 
with  increasing  fibre  volume  fraction  but  as  Vf  increases  above  12*  the  change  occurs  at  a  slower  rate. 
It  is  also  to  be  noted  that  processes  such  as  precipitation  of  a  second  phase,  recovery  or  other  stress 
relieving  processes  in  the  matrix  may  influence  the  expansion  characteristics  of  the  composite.  Several 
workers (35,36)  have  noted  a  large  enhanced  creep  deformation  during  thermal  cycling  SiC  particulate  and 
whisker  reinforced  aluainiua  under  load.  This  cycle  behaviour  occurs  without  early  void  nucleation  and 
fracture  and  also  without  changing  the  dislocation  substructure  from  'cycle  to  cycle.  It  is  concluded  by 
Pickard  and  Derby(36)  that  a  mechanism  must  exist  which  allows  recovery  of  the  dislocation  generation 
during  the  large  strains  which  occur. 

The  introduction  of  discontinuous  ceramic  reinforcement  into  metal  matrix  reduced  its  thermal 
conductivity.  The  amount  of  the  reduction  depends  on  the  volume  fraction,  shape  and  distribution  of  the 
reinforcement.  Taya (37)  has  attempted  to  model  this  and  other  physical  properties  associated  with  short 
fibres  with  some  success.  The  model  is  baaed  upon  Eshelby’s  model  for  elastic  behaviour. 

C0NCL0SI0RS 

(1)  Metal  Matrix  Composites  with  discontinuous  fibres  and  particles  are  lower  cost  materials  than  those 
containing  continuous  fibres. 

(2)  Liquid  metal  technologies  involving  spray  forming  and  squeeze  casting,  together  with  powder 
technologies  with  appropriate  powder  blending  techniques,  provide  possible  routes  for  the  preparation 
of  a  range  of  useful  JMCs. 

(3)  The  addition  of  ceramic  particles,  whiskers  or  short  fibres  at  volume  fractions  in  the  range  10*  to 
30 *  can  produce  at  least  a  30*  improvement  in  elastic  modulus  values  of  aluminium  alloys.  Using 
aluminium- lithium  alloys  as  a  matrix  can  also  reduce  density  and  promote  further  increases  in  elastic 
modulus. 

(4)  Strength  properties  at  20*C  can  be  improved  in  certain  alloy  systems.  Improvements  are  usually  found 
in  intermediate  strength  alloys  and  then  the  fibre-matrix  bond  strength  is  not  too  great.  Particles 
with  low  aspect  ratio  may  allow  greater  bond  strength  to  persist  without  causing  significant  levels  of 
particle  failure. 

(5)  Improvements  in  yield  strength  of  the  composites  are  brought  about  by  the  introduction  of  increased 
dislocation  densities  during  cooling  after  processing,  and  by  the  maintenance  of  fine  grained 
structures.  Residual  tensile  stresses  in  the  matrix  appear  to  reduce  the  yield  stress  in  short  fibre 
reinforced  systems. 

(6)  Short  fibre  and  particulate  composites  have  attractive  mechanical  properties  at  elevated  temperatures, 
possibly  up  to  375*C  in  aluminium  alloy  matrices. 

(7)  Two  transitions  at  *250'C  and  s500’C  take  place  in  particle  reinforced  composites  which  influences 
composite  ductility.  At  the  lower  temperature  transition  dislocation  climb  permits  stress  relief  and 
thereby  reduces  the  opportunity  for  void  nucleation  and  fracture.  At  500*C  grain  boundary  sliding 
begins  to  occum  which  can  allow  superplastic  deformation  of  the  composite. 

(8)  The  introduction  of  short  fibres  or  particles  does  not  appear  to  significantly  worsen  the  fatigue 
properties  of  the  matrix  alloy.  In  some  cases  where  composites  have  weaker  matrix-fibre  bond 
strengths,  intermediate  strength  alloy  matrices  and  optimum  particle  volume  fractions,  they  may  be 
expected  to  show  some  improvements  in  fatigue  loading  under  high  stress  (shorter  life)  conditions. 
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TABLE  I 


Values  of  Young’s  Modulus  for  Various  Discontinuous  Composites 


Fibre  or 

particle  voluae  fraction 

Matrix 

0 

0.1 

0.15 

0.20 

0.25 

AlSi-Mg 

(LM25) 

71.4 
[26. 6)* 

84. 1(a)* 
[30.4] 

98.2(a) 

[34.6] 

Al-4Cu 

69.5 

86(a) 

Al-Cu-Mg 

(2014) 

73.8 

[26.3] 

93.8(b)® 

[33.0] 

Al-Si-Mg 

(6061) 

69.0 

[25.6] 

91.9(b) 

[33.4] 

Al-Li-Mg-Cu 

(8090) 

80.0 

(31.5] 

96.5(b) 

[37.2] 

♦Values  given  in  brackets  are  for  specific  nodulus,  i. 
modulus  GPa  divided  by  density  (Mg  m-3). 

, e.  Young’s 

*  a  =  AI^Oj  fibres 

*  b  =  SiC  particles 


TABLE  II 


Proof  Stress  (PS)  and  Values  of  Ultimate  Tensile  Strength  (UTS)  for  Discontinuous  Coaiwsites 


Material 

0.2*  PS 
MPa 

0.5*  PS 
MPa 

UTS 

MPa 

Elongation 

* 

99.5*A1  (LMO) 

28 

29 

40 

37.0 

99.5*A1  +  A1203 
(Vf  =  0.2) 
as  cast 

75 

116 

142 

1.1 

Al-Cu-Mg 

2618A  (T6) 

388 

416 

431 

2.5 

Al-Cu-Mg  +  *1*03 
(Vf  *  0.2)  (T6) 

317 

383 

0.8 

Al-4Cu  (T6) 

174 

203 

261 

14.0 

Al-4Cu  ♦  A1*0, 

(Vf  =  0.2)  (T6) 

264 

335 

384 

2.2 

Al-Cu-Mg 

2014  (T6) 

432 

442 

482 

10.2 

Al-Cu-Mg  ♦  SiC 
(Vf  =  0.1)  (T6) 

437 

461 

484 

6.9 

Al-Si-Mg 

6061  (16) 

240 

- 

264 

12.3 

Al-Si-*f  >  SiC 
(Vf  =  0. I)  (T6) 

321 

- 

343 

3.8 

Aluminium  alloy 
atomisation 

i 

Pre  alloyed 
aluminium  powder 

i 

Classification 

i 

Graded  SiC  powder 


Blending 

1 

MMC  powder 

i 

Canning 

i 

Degassing 

1 

(Consolidation) 

l 

Secondary  processing 


Vf 

Fig.  5.  Young's  modulus  value:;,  F,  :r.r- :  r. 

aluminium  alloys  reinforced  wi’.r. 
ar.d  "<-SiC  part.  Kies;  ■  ompar ; r.r  are  -.ale 
with  plots  otrt.Vned  fro-:  the  Pol*’  '>.*  Yix- 
ture  equation  which  ansu-.er.  <• \  a  1  rtr-i:'. 
tr.  mat -ix  and  reinforcement  i  after  .  - 


Fig.  4.  Processing  route  for  metal  matrix  cor.pos- 
ites  using  powder  metallurgy  technology 
(after  Ref.  2  3) . 
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Fig.  6.  Stress-strain  plots  for  two  composites 
and  their  respective  unreinforced 
matrices,  showing  differences  in  stresses 
and  strains  where  matrix  starts  to  yield; 
e.  is  the  fibre  fracture  strain  (after 
Ref.  k). 


•Fig..  7.  Predicted  recrystal  1  ised  grain  sixe  as  a 
function  of  particle  size  and  volume 
fraction.  R^crystall isaUion  will  probably 
not  occur  in  the  dotted  regions  (after  Ref. 
1M. 
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Fig.  8.  Mean  longitudinal  strain  values  obtained 
on  (a)  aluminium  matrix  and  (b)  the 
silicon  carbide  whisker  reinforcement 
during  a  heating  and  cooling  cycle. 


Fig.  9.  Compressive  and  tensile  yield  stress  in 

an  6-Al*0.  reinforced  Al-4%Cu  alloy  after 
naturalMTM  and  artificial  ageing  (T6). 


Fig.  10.  Ch  ..  ge  in  volume  which  takes  place  in 
an  Al-4%Cu  alloy  with  and  without 
6-A.l-O-  short  fibre  reinforcement  during 
isothermal  ageing  at  17Q°C. 
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Fig.  11.  Proof  Stress  (PS)  and  Tensile  Strength 
(TS)  values  obtained  on  Al-A%Cu  alloy 
matrix  with  and  without  6-M  O  short 
fibre  reinforcement  after  (af  natural 
ageing  (T4)  and  (b)  artificial  ageing  at 
170°C  ( T6  )  . 
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Fig.  12.  Volume  changes  which  take  place  in  an  Fig.  13.  Tensile  strength  values  for  continuous 

Al-4%Cu  alloy  with  and  without  0  fibre,  whisker  and  discontinuous  alloys 

short  fibre  reinforcement.  The  alloy  plotted  against  test  temperature, 

and  composite  have  been  heated  to  170°C 
allowed  to  age  for  ^lOOh  and  then 
cooled . 


Fig.  14.  S-N  plots  for  Al-3.5%Cu  alloy  with  and  without 
6-A1  0  fibres  and  2014  alloy  with  and  without 
a-SiC  particles.  The  alloys  are  in  the  T6  condition 
with  the  exception  of  reinforced  2014  where  a  T8 
treatment  was  applied. 
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Summary 

Conventional  metallic  materials  have  been  tailored  in  the  past  close  to  their  ultimate 
properties-  Hew  technological  requirements  ask  for  further  improved  materials.  Metal- 
matrix  composites  (MMC)  promise  to  reach  this  goal. 

MMC  can  be  described  as  materials  whose  microstructure  comprise  a  continuous  metallic 
phase  (the  matrix)  into  which  a  second  phase  has  been  artificially  introduced  during 
processing,  as  reinforcement.  Presently  the  interest  in  MMC  is  primarily  focused  on 
light  alloys  reinforced  with  fibrous  or  particulate  phases  to  achieve  major  jumps  in 
selected  mechanical  properties  or  thermal  stability.  This  new  interest  is  mainly 
related  to  the  fact  that  ceramic  based  reinforcement  constituents  became  recently 
available,  which  are  comparatively  inexpensive.  Al^O^"  or  SiC-based  fibres,  whiskers 
and  particles,  but  also  carbon  fibres  are  used  to  reinforce  aluminium,  magnesium  or 
titanium  matrix  alloys. 


l.  Introduction 

Metals  and  alloys  are  usefull  and  versatile  materials  which  have  been  developed  during 
a  long  time  of  the  history  of  mankind  to  nearly  perfection  in  their  properties  which 
are  strength,  toughness,  deformability ,  thermal  stability,  fatigue  and  creep. 

Various  methods  and  mechanisms  have  been  developed  to  improve  metals  and  alloys  e.g. 

-  solid  solution  strengthening 

-  precipitation  hardening 

-  dispersion  strengthening. 

However,  it  seems  that  metals  have  now  been  developed  in  their  major  properties  close 
to  the  ultimate  so  that  a  further  improvement  seems  to  remain  rather  limited.  But 
still  some  properties  gain  further  improvement. 

In  the  past,  mainly  in  the  late  sixties  and  early  seventies,  metal-matrix  composites 
already  attracted  people  and  some  major  developments  were  performed.  As  a  reault,  the 
boron  fibre  used  as  a  reinforcement  of  aluminium  was  applied  into  the  structure  of  the 
apace  shuttle.  However,  the  cost  of  this  composite  wss  and  remained  extremely  high. 
Therefore,  nearly  no  further  application  is  known. 

In  the  last  10  to  15  years  advances  in  the  development  of  fibres,  capable  to  with¬ 
stand  vary  high  temperatures ,  offer  the  possibility  of  rainforcing  metals.  Most  of 
the  fibres  presently  available  are  baaed  on  silicon  carbide  and  aluminiumoxide , 
although  other  variations  are  being  studied.  It  is  this,  together  with  the  compara¬ 
tively  low  price,  which  is  exiting  so  much  interest  for  the  reinforcement  of  metals. 
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2.  WfrY  cofflppgit??  w^n  ? 

In  many  technical  areas  extreme  material  properties  are  needed.  High  strength  and 
stiffness  should  be  combined  with  high  temperature  retention  and  low  specific 
gravity.  MMC  can  fulfill  these  needs.  In  Fig.  1  the  specific  strength  of  metals, 
various  fibre  reinforced  plastics  and  of  fibre  reinforced  metals  is  plotted  vs.  the 
specific  modulus.  With  fibre  reinforcement  improved  stiffness  and  strength  can  be 
achieved  when  compared  to  metals.  If  additionally  a  higher  temperature  retention  is 
needed,  then  fibre  reinforced  plastics  reach  their  limit  at  about  200°C.  However, 
fibre  reinforced  metals  can  further  be  used.  Their  application  temperature  is  mainly 
dependent  on  the  matrix  material  used.  Only  beyond  1000°C  MMC  reach  the  maximum  of 
their  application.  Higher  temperatures  can  only  be  achieved  if  a  ceramic  matrix  is 
used.  In  Fig.  2  is  shown  a  comparison  of  the  temperature  up  to  which  polyraere  matrix, 
metal  matrix  and  ceramic  matrix  composites  can  be  used  [1].  In  general,  fibre  rein¬ 
forced  metals  can  be  taken  into  consideration  for  structural  design  [2,3]  because: 

-  They  have  an  improved  temperature  retention,  when  compared  to  the  neat  matrix  metal. 

-  The  high  ductility  and  strength  of  the  metal  matrix  improves  the  mechanical  proper¬ 
ties  when  compared  to  fibre  reinforced  polymers,  as  the  interlaminar  shear  strength 
or  the  transverse  tensile  strength,  as  well  as  the  fracture  toughness. 

-  The  high  elastic  modulus  of  the  fibres  increases  the  stiffness  of  the  composite. 
Compared  to  fibre  reinforced  polymers  the  higher  elastic  modulus  of  the  metal 
matrix  leads  at  load  levels  under  the  matrix  yield  strength  to  a  further  increase  in 
the  MMC-stiffness . 

-  The  superior  physical  properties  as  electrical  and  thermal  conductivity  or  the 
magnetic  properties  are  advantageous  for  many  technical  applications. 

-  Because  of  the  low  thermal  expansion  coefficient  of  the  matrix  MMC  remain  demension 
stable  under  temperature  variations. 

-  They  can  resist  environmental  attack  as  ultra  violet  radiation,  moisture  or  many 
chemicals.  Besides,  they  are  nearly  undif f usiable  for  gases  and  liquids. 

In  the  case  of  particulate  reinforced  composites  in  general  no  reinforcement,  but  an 
increase  in  fracture  toughness  and  related  properties  can  be  achieved.  The  influence 
to  improve  the  high  temperature  properties  or  the  compressive  strength  seems  to  be 
rather  limited.  A  substantial  improvement  is  observed  for  the  elastic  modulus  and  the 
thermal  expansion  coefficient.  However,  the  influence  is  less  as  in  the  case  of  fibre 
reinforcement  and  does  not  at  all  reach  the  values  predicted  with  the  role  of  mixtures 
14,5) . 

Positively  to  be  mentioned  is  the  relatively  small  unisotropy  in  the  case  of  par¬ 
ticulate  reinforcment  and  the  comparably  uncomplicated  fabrication  based  on  casting  or 
powder  metallurgy  techniques.  Both,  the  fabrication  technique  and  the  particulates  are 
relatively  cheap,  therefore  the  costs  for  a  part  can  remain  within  acceptable  margins. 
Machining  of  this  type  of  composites  seems  to  be  relatively  uncomplicated  [6] . 

Besides  all  of  these  advantages  MMC  have  some  drawbacks: 

Even  light  metals  as  Al,  Mg  or  Ti  -  the  most  often  used  matrix  materials  -  have  a  higher 
specific  gravity  as  the  polymers  and  the  fabrication  processes  for  MMC  are  in  general 
more  complicated  and  cost  effective  as  for  polymer  matrix  composites. 

In  general,  the  properties  of  MMC  are  dependent  on  the  type  and  distribution  of  fibres 
(whiskers,  short  or  continuous  fibres)  or  particulates,  the  fibre  or  particle  content, 
the  orientation  of  fibres  and  the  matrix  alloy.  The  fibre/roatrix  bonding,  what  means 
the  cohesion,  wettability  and  chemical  interaction  is  of  further  importance. 
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3 .  The  composite  conatiuents 

One  aim  of  fibre  reinforcement  is  to  increase  strength.  However,  the  theoretical 
strength  of  a  metal  is  far  higher  as  achieved  in  reality.  Griffith  [7]  had  already 
shown  that  the  defect  density  in  a  compact  body  is  the  main  reason  why  the  theore¬ 
tical  strength  values  can  not  be  achieved.  From  the  observation,  that  a  fibrous  mate¬ 
rial  has  an  extensively  higher  strength  as  if  the  same  material  is  in  a  compact  body 
-  the  strength  is  higher  the  thinner  the  fibre  -  he  concluded  that  the  number  of  de¬ 
fects  decreases  with  decreasing  diameter.  Ibe  (8}  showed  that  in  a  compact  body,  i.e. 
a  cube  (Fig.  3a) ,  at  a  given  defect  density  the  average  defect  free  distance  is  essen¬ 
tially  lower  as  in  the  case  of  a  fibrous  body  of  the  same  volume  and  identical  defect 
density.  The  fibre  diameter  of  10  pm  was  chosen  to  be  much  smaller  as  the  length  of 
the  cube  axis  of  10  mm.  In  the  cube  the  distance  between  two  defects  was  found  to 
equal  1  mm,  while  in  the  fibre  a  defect  free  length  of  12,73  m  is  calculated.  This 
shows  the  relevance  of  fibre  reinforcement. 


3.1  The  reinforcement  fibres 

The  principal  fibres  which  are  currently  available  and  of  potential  interest  for  use 
in  MMC  are  listed  in  Table  1.  The  mechanical  and  physical  properties  are  plotted  to¬ 
gether  with  the  temperature  stability  up  to  which  they  can  be  used. 

In  the  sixties  boron  fibres  were  used  to  reinforce  aluminium  alloys.  The  extreme  high 
goals  with  respect  to  the  mechanical  properties  could  be  reached.  However,  their  ex¬ 
tremely  high  costs  reduced  the  applicability  such,  that  they  were  only  used  in  space¬ 
crafts.  The  high  diameter  of  the  boron  fibres  of  140  pm  allows  to  use  them  only  in 
relatively  plane  parts. 

The  high  variability  in  the  mechanical  properties  of  carbon  fibres,  along  with  their 
high  thermal  stability,  makes  them  to  the  ideal  reinforcement  for  metals.  However,  the 
reactivity  of  carbon  fibres  with  the  metallic  matrix  very  often  redcues  the  superior 
fibre  properties  in  the  composite.  Carbon  fibres  therefore  generally  need  a  protective 
coating,  which  increases  fibre  costs. 

The  ceramic  non  oxide  SiC-fibres  have,  because  of  their  low  reactivity  to  the  metal 
matrix,  a  high  potential  for  technical  application.  The  oxide  fibres,  mainly  the 
based  fibres,  are  already  used  in  technical  parts  because  they  are  relatively  cheap, 
have  suitable  mechanical  properties  and  their  reactivity  to  the  molten  metal  is  low. 

Three  major  groups  of  fibres  can  be  dinstinguished : 

1.  Fibres  with  a  diameter  of  about  100  to  140  pm  produced  by  chemical  vapour  depo¬ 
sition  (CVD) .  The  most  prominent  of  these  is  the  extremely  expensive  boron-fibre. 

The  SiC-fibres  are  presently  successfully  used  to  reinforced  titanium  alloys.  These 
fibres  carry  a  20  pm  core  of  tungsten  or  carbon  around  which  boron  or  SiC  was  de¬ 
posited  by  CVD.  The  fibres  are  stiff,  difficult  to  handle  and  mainly  be  used  as 
unidirectional  reinforcement. 

2.  Fibres  with  a  diameter  of  10  -  15  pm,  notably  carbon  and  SiC,  which  were  produced 
by  first  preparing  a  precurser  fibre  of  a  suitable  polymer  and  burning  this  under 
carefully  controlled  conditions  (pyrolyses) .  Similar  techniques  are  used  to  pre- 
duce  aluminium  oxide  fibres  from  a  precurser  fibre  consisting  of  a  suspension  of 
salts  or  oxide  particles  in  a  suitable  liquid  binder.  It  are  exactly  these  types  of 
fibres  which  found  the  interest  of  scientist  for  the  reinforcement  of  metals  as  they 
are  easy  to  handle  and  the  fibre  matrix  compatibility  is  in  most  cases  sufficient. 
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3.  Whisker,  fibrous  single  crystals  with  a  diameter  between  0,1  and  0,5  got  at  a  length 
of  approximately  100  ym.  They  seem  to  be  an  ideal  reinforcement  material,  as  they 
exhibit  excellent  mechanical  properties  and  can  easily  be  processed.  However,  as  a 
result  of  their  geometry  (small  diameter)  they  are  toxide  with  the  risk  of  lung 
cancer.  Therefore  it  is  questionable  if  they  can  really  be  taken  as  an  alternative 
reinforcement  material. 

From  the  ceramic  oxide  fibres  the  AljO^-fibres  have  focussed  the  greatest  attention, 
while  the  ZrO^-  and  SiO^-fibres  have  not  found  the  same  interest.  The  mechanical 
properties  of  the  Al^O^-fibres  do  not  reach  the  same  values  as  the  aforementioned,  but 
their  thermal  stability  and  their  low  reactivity  against  the  matrix  materials  and 
especially  their  low  price  have  made  the  Al^O^-fibre  to  the  favourite  reinforcement 
fibre  for  light  metals. 


3.2  The  matrix 

The  main  matrix  materials  which  found  attention  are  the  light  metals  magnesium,  alu¬ 
minium  and  titanium.  For  high  temperature  application  also  nickel  and  cobalt  as  well 
as  tungsten,  molybdanum,  niob  or  tantalum  are  considered  (compare  Table  2) .  At  present 
the  scientific  work  is  mostly  concentrated  on  aluminium  and  magnesium  as  matrix  ma¬ 
terial.  For  the  aircraft  turbines  also  fibre  reinforced  titanium  is  of  interest,  to  be 
used  for  compression  blades.  The  main  aim  in  science  and  technology  is  to  increase  the 
temperature  retention  of  the  matrix  metal  and  being  able  to  load  it  as  close  to  the 
material  solidus  temperature  (about  0,8  Ts)  as  possible. 

The  idea  of  MMC  is  to  strengthen  the  matrix  by  adding  a  second  phase,  the  fibres  or 
particulates.  Strengthening  of  the  matrix  can  easily  be  achieved  if  continuous  long 
fibres  are  used.  The  mechanical  properties  follow  the  role  of  mixtures.  However,  in 
the  case  of  discontinuous  or  particulate  fibre  composites  the  basic  strengthening 
mechanisms  which  can  be  considered  are  [9] : 

-  High  dislocation  densities  due  to  dislocation  generation  as  a  result  of  differences 
in  coefficients  of  thermal  expansion. 

-  Small  subgrain  sizes  as  a  result  of  the  generation  of  a  high  dislocation  density. 

-  Residual  elastic  stresses. 

-  Differences  in  texture. 

-  Classical  composites  strengthening  (load  transfer) . 

-  Dispersion  strengthening. 

The  possibility  of  the  matrix  strengthening  is  indeed  an  advantage  of  metal  matrix 
composites,  however,  it  has  the  drawback  that  intensive  internal  stresses  are  build 
up,  which  have  to  be  considered  in  design. 


3.3  Fibre  matrix  compatibility 

Fibre/matrix  combinations  are  seldom  in  state  of  equilibrium;  thus  in  most  systems 
fibre  and  matrix  will  tend  to  interact  usually  with  detrimental  effects  on  the  compo¬ 
site  properties.  The  main  interaction  phenomena  are  [10]: 

-  Fibre  dissolution  in  the  matrix. 

-  Fibre  dissolution  and  reprecipitation  (coarsening  processes) . 

-  chemical  reaction  between  fibre  and  matrix. 

-  Segregation  and/or  precipitation  of  matrix  constituents  at  the  interface. 

-  Poisoning  of  fibres  by  matrix  atoms. 

-  Thermal  expansion  mismatch. 
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Apart  from  the  last  the  above  phenomena  are  diffusion-dependent  and  therefore  increase 
in  importance  with  increasing  temperature  and  time  of  exposure.  Thus  for  most  compo¬ 
site  systems  production  methods  are  saught  with  as  low  temperatures  and  times  as 
possible.  Provide  they  survive  manufacture,  composites  with  potentially  incompatible 
constituents  can  be  used  to  certain  temperature  limits.  To  achieve  a  strong  fibre 
reinforcement  the  fibres  must  be  reserved  to  prevent  extensive  chemical  reactions 
between  fibre  and  matrix.  This  can  mainly  be  achieved  by  coating  the  fibre  surface. 

The  main  techniques  to  be  used  are  chemical  vapour  deposition  (CVD)  and  physical 
vapour  deposition  (PVD) . 

To  achieve  a  strong  and  tough  fibre  reinforced  material  the  interface  also  has  to  seek 
to  detrimental  requirements  which  are  [11] : 

-  A  weak  interface,  to  achieve  longitudinal  strength  and  toughness  by  fibre  debonding. 

-  Strong  interface  for  good  transverse  properties. 

-  Further,  ease  of  fabrication,  including  good  wetting  of  the  fibres  if  the  matrix  is 
combined  in  the  liquid  state,  depends  critically  on  interface  chemistry  for  most 
economical  processing  methods. 

The  criteria  to  be  satisfied  will  vary  depending  on  the  fibre,  the  matrix  and  appli¬ 
cation  of  the  composite.  There  is,  therefore,  no  given  set  of  rules  dictating  chemical 
engineering  of  the  interface  of  optimized  properties.  Contradictory  demands  have  to  be 
fulfilled  what  shows  that  interface  chemistry  has  to  be  further  studied. 


4 .  Processing  of  metal  matrix  composites 
4.1  Processing  by  liquid  infiltration 

The  most  sufficient  processing  techniques  of  metal  matrix  composites  are  various  casting 
techniques.  In  general,  a  preform  is  infiltrated  by  the  molten  metal.  The  processing 
occurs  at  high  temperatures  with  the  risk  of  chemical  reactions.  In  Table  3  the  che¬ 
mical  compatibility  of  various  metal  matrices  to  SiC-fibres  is  shown  dependend  on  tem¬ 
perature  [1] .  To  avoid  for  example  the  reaction  of  aluminium  with  carbon  fibres  it  is 
necessary  to  put  a  protective  coating  around  the  carbon  fibre,  as  the  melting  tempera¬ 
ture  of  the  aluminium  is  above  the  reaction  temperature  of  the  carbon  fibre  with  alu¬ 
minium.  Usjlng  SiC-fibres  as  reinforcement  the  reaction  to  aluminium  can  be  expected 
above  the  melting  temperature  (Ts) .  From  that  point  of  view  a  coating  seems  not  to  be 
necessary.  However,  it  could  become  necessary  because  of  improving  the  wetting  condi¬ 
tions.  If  no  coating  is  performed  to  increase  the  wettability  then  a  high  defect  den¬ 
sity  within  the  reaction  zone  can  drastically  reduce  the  composite  strength.  It  is 
extremely  disadvantageous  when  between  opposing  fibres  brittle  reactive  products  are 
present,  so  matrix  material  can  not  float  into  the  vacancy  to  fully  surround  the 
fibres.  Crack  propagation  would  preferrably  occur  in  such  areas.  It  is  also  possible, 
that  an  increasing  amount  of  matrix  precipitates  conglomerates  at  the  fibre/matrix 
boundary,  which  locally  leads  to  an  embrittlement.  Also  the  dissolution  of  fibres  in 
the  matrix  or  the  diffusion  of  matrix  atoms  into  the  fibre  can  become  a  problem  and 
reduce  the  composite  properties.  Furtheron,  and  not  less  important  is  the  existence  of 
internal  thermal  stresses,  after  cooling  down  from  the  molt  which  are  produced  because 
of  differences  in  the  thermal  expansion  coefficients  of  the  matrix  metal  and  the  fibres. 

To  produce  composites  in  the  liquid  matrix  state  various  methods  are  used: 

-  continuous  infiltration 

-  vacuum  infiltration 

-  various  casting  techniques,  from  which  squeeze  casting  is  the  most  prominent.  It  is 
schematically  shown  in  Fig.  4. 
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Figure  5  shows  a  SiC/Al-coraposite  where  the  SiC-whisker  and  -particulate  coated 
Tyranno  fibre  is  used  to  achieve  a  good  wettability  and  an  appropriate  distance 
between  the  fibres. 

4.2  Processing  by  diffusion  bonding 

To  avoid  chemical  reactions  between  the  fibre  and  the  matrix  low  temperatures  are 
needed  for  processing.  This  can  occur  only  by  diffusion  bonding  in  the  solid  state 
of  the  matrix  material.  This  technique  is  schematically  shown  in  Fig.  6  [12].  The 
matrix  metal  being  present  in  the  form  of  foils  or  powder  is  compacted  together  with 
the  reinforcement  fibres  under  high  pressure  and  at  a  temperature  which  is  below  the 
solidus  temperature  of  the  matrix.  But  even  at  the  low  temperatures  of  this  processing 
technique  reactions  in  the  fibre  matrix  boundary  can  occur.  Therefore,  it  is  suitable 
to  coat  the  reinforcement  fibres,  especially  if  the  combination  carbon  fibre  to 
aluminium  or  magnesium  matrix  is  used.  Figure  7  is  a  transmission  electron  micro¬ 
graph  of  a  composite  with  SiC-fibre  (AVCO) /Ti6A14V-matrix,  where  the  fibre  has  a  pro¬ 
tective  coating,  to  avoid  chemical  fibre/matrix  reactions  [13] .  Different  diffusion 
bonding  techniques  are  the  foil  plating  by  coldrolling,  explosion  welding,  hotpressing 
and  hotisostatic  pressing  (HIP) .  In  all  these  cases  the  matrix  material  is  used  in  the 
form  of  foils.  Figure  8  is  a  light  micrograph  of  a  SiC/Ti-composite  which  has  been  pro¬ 
duced  by  hotisostatic  pressing  [14] . 

It  is  also  possible  that  the  composite  material  is  available  in  the  form  of  prepregs. 
Prepregs  are  the  reinforcement  fibres  which  are  parallel  orientated  and  already  have 
a  sufficient  coating  of  the  matrix  material.  The  consolidation  has  not  yet  taken 
place,  but  occurs  in  a  following  hotpressing  or  hotisostatic  pressing  process.  The 
prepregs  are  produced  by  four  different  routes,  where  the  spreaded  fibre  strands  are 
coated  either  by  CVD  or  PVD  processes ,  plasma  spraying  or  continuous  liquid  infiltra¬ 
tion.  The  prepregs  presently  available  are  produced  by  CVD  (carbon  fibre/aluminium) 
and  plasma  spraying  (SiC/aluminium) .  Using  prepregs  has  the  advantage,  that  similar  as 
with  fibre  reinforced  polymers,  plies  of  fibres,  each  in  a  different  direction,  can  be 
stacked  up  to  form  a  laminate.  The  laminate  stacking  sequence  can  be  chosen  due  to  the 
expected  loading. 

It  is  further  possible  that  the  matrix  material  is  available  in  form  of  a  powder.  The 
preparation  of  metal  matrix  composites  using  the  PM-techniques  offers  several  advan¬ 
tages.  Some  of  these  are  [15]: 

1.  Lower  temperatures  can  be  used  during  preparation  of  a  PM-based  composite  compared 
to  preparation  of  a  fusion  metallurgy-based  composite.  The  result  is  less  inter¬ 
action  between  the  matrix  and  the  reinforcement. 

2.  The  preparation  of  particulate  or  whisker  reinforced  composites  is,  generally 
speaking  easier  using  PM  blending  techniques  than  it  is,  using  casting  techniques. 

3.  PM-based  metal  matrix  composites  are  mainly  reinforced  by  particulates  or  whiskers. 
The  main  processing  techniques  are  either  hotisostatic  pressing  or  extrusion.  They 
can  be  produced  close  to  the  final  shape. 


4.3  In-situ-processing,  directionally  solidified  eutectic  alloys 


The  formation  of  a  composite  material  by  directional  solidification  of  an  alloy  allows 
to  produce  simultaneously  the  fibre  and  the  matrix  from  liquid  state  of  the  metal.  The 
two  phases  can  only  be  formed  separately  if  an  equilibrium  state  in  the  melt  exists. 
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Then  a  linked  growth  of  those  phases  can  occur.  This  can  be  made  with  eutectic  alloys. 

A  typical  phase  diagram  is  shown  in  Fig.  9.  The  simultaneous  solidification  of  both 
phases  allows  to  produce  a  material  which  has  a  regular  distribution  of  both  phases. 
Figure  10a  schematically  shows  an  equipment  to  produce  a  directionally  solidified 
material.  Figure  10b  shows  a  scanning  electron  micrograph  of  an  eutectic  nickel  based 
superalloy  with  TaC-fibres  (161  •  Directionally  solidification  gives  a  structure  a 
higher  temperature  retention.  Problems  with  wetting,  chemical  and  physical  reactions 
between  the  fibre  and  matrix,  which  can  occur  if  the  previous  techniques  are  used,  are 
of  no  immediate  importance.  However,  the  formulation  of  the  alloy  and  the  fibre  volume 
content  can  not  freely  be  chosen.  The  superior  fatigue  properties,  especially  at  high 
temperatures  (compare  Fig.  11  [17]),  is  accompanied  by  an  only  moderate  thermal  fatigue 
behaviour.  In  general,  the  properties  are  strongly  dependent  on  the  test  conditions. 
Three  different  aspects  were  observed  for  the  73C-alloy  investigated: 

-  Transformation  of  a  carbide  Cr^C^  -*■  Cr23C6' 


-  spherodizing  of  fibre  ends 

-  a  remaining  constant  strain  (ratcheting) . 

The  last  effect  has  always  to  be  expected  in  the  case  of  two  phases  having  different 
thermal  coefficients  of  extension,  where  one  of  the  two  phases  plastically  extends 
more  within  a  temperature  cycle  than  the  other.  F.D.  Lemkey  et.al  [18]  rated  the 
potential  of  directionally  solidified  eutectic  alloys  positive  when  compared  to  single 
crystals.  The  main  reason  why  directionally  solidified  eutectic  superalloys  have  not 
yet  been  used  in  series  production,  i.e.  for  turbine  blades,  the  relatively  low 
solidification  rates.  Because  of  its  promising  properties  this  class  of  "natural" 
alloys  remains  of  further  interest  in  materials  science. 


4.4  A  general  statement 

The  production  costs  of  metal  matrix  composites  seem  to  remain  relatively  high, 
especially  if  techniques  with  continuous  fibres  as  reinforcement  are  used.  Only  in  the 
case  of  short  fibre  reinforcements,  whiskers  or  particulates  an  economical  production 
might  be  possible.  The  casting  techniques  seem  to  be  most  promising. 


5.  Properties 

The  superior  specific  properties  of  metal  matrix  composites  can  then  fully  be  utilized, 
if  the  conventional  alloys  come  close  to  their  ultimate.  In  the  late  sixties  and  early 
seventies  it  was  expected  that  boron  fibre  reinforced  aluminium  would  be  used  for  light 
weight  structures,  because  it  has  a  high  strength  and  stiffness  in  combination  with  a 
comparatively  low  weight.  With  the  development  of  carbon  fibre  reinforced  polymers  a 
material  is  now  available  which  has  a  higher  specific  strength  combined  with  a  high  spe¬ 
cific  stiffness  but  at  less  costs.  However,  if  polymer  matrix  composites  are  used  the 
temperature  retention  is  relatively  low.  Therefore,  the  main  application  of  metal  ma¬ 
trix  composites  will  lie  in  those  areas  where  high  temperature  retention  is  necessary. 

In  Fig.  12  [19]  the  specific  strength  is  plotted  vs.  the  temper lture  for  a  high  strength 
aluminium  alloy  used  in  aircraft  structures  together  with  a  conventional  titanium  alloy. 
The  development  targets  in  Japan  for  the  high  temperature  application  of  fibre  rein¬ 
forced  metals  and  fibre  reinforced  plastics  are  additionally  shown.  Besides  these  aims 
the  diagram  shows,  that  fibre  reinforced  metals  are  superior  to  fibre  reinforced 
plastics  at  temperatures  above  200°C.  The  advantage  of  a  fibre  reinforcement  compared 
to  a  non  reinforcement  can  additionally  be  seen. 
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For  a  comparison  the  mechanical  properties  of  some  matrix  alloys  are  shown  in  Table  4. 
In  Table  5  the  mechanical  properties  of  fibre  reinforced  metals  are  summarized.  In 
general  the  mechanical  properties  vary  because  of: 

-  different  types  of  fibres 

-  different  processing  techniques 

-  differences  in  fibre  volume  content 

-  fibre  orientation 

-  fibre  length  (whisker  or  continuous  fibres) 

-  various  matrix  alloys 

-  test  temperature. 

It  is  difficult  to  give  a  full  overview  about  the  mechanical  properties.  In  Table  5 
are  therefore  summarized  some  data  of  unidirectionally  reinforced  metals  which  are 
loaded  in  fibre  direction  and  transverse  to  the  fibre  direction.  Fibre  reinforcement 
increases  the  tensile  strength  and  the  elastic  modulus.  If  loaded  in  fibre  direction 
the  properties  are  dominated  by  the  fibres.  However,  in  the  transverse  direction  the 
properties  are  dominated  by  the  matrix  alloy.  The  influence  of  the  fibre  orientation 
to  the  tensile  strength  is  shown  in  Fig.  13a  [20].  The  results  show  that  fibre  rein¬ 
forcement  leads  to  a  unisotropy  in  the  mechanical  properties.  Also  the  fatigue  pro¬ 
perties  are  improved  by  fibre  reinforcement.  Fig.  13b  [21]  demonstrates  that  the 
reinforcement  with  long  fibres  improves  the  fatigue  properties.  However,  this  improve¬ 
ment  is  not  maintained  into  the  high  cycle  regime,  because  of  fibre-matrix  debonding. 
Fig.  13b  also  shows,  that  the  reinforcement  with  particulates  does  not  necessarily 
improve  the  fatigue  properties.  One  important  property  of  fibre  reinforced  metals  is 
their  high  wear  resistance.  Fig.  13c  [22]  shows  the  strong  reduction  of  the  wear  rate 
when  compared  to  conventional  alloys  if  SiC-whisker  reinforced  aluminium  is  used. 
However,  this  extremely  good  wear  behaviour  can  not  always  fully  be  utilized  in  a 
composite  structure,  because  the  wear  counterpart  has  carefully  to  be  chosen  as  the 
composite  is  strongly  abrasive.  The  superior  temperature  retention  of  MMC  is  shown  in 
Fig.  13d  [23] .  While  reinforced  aluminium  shows  with  increasing  temperature  a  pro¬ 
nounced  decrease  in  tensile  strength,  in  the  continuous  fibre  reinforced  aluminium 
only  a  minor  reduction  in  tensile  strength  is  observed. 

For  the  mechanical  properties  of  metal  matrix  composites  the  following  conclusion  can 
be  drawn: 

The  Young's  modulus  of  the  matrix  alloy  increases  significantly  by  the  addition  of 
fibres,  whiskers  or  particulates.  Both  fibres  and  particulates  promote  changes  in  the 
precipitation  kinetics.  The  yield  stress  and  tensile  strength  of  the  composite  are 
increased  significantly  above  those  of  the  matrix.  However,  the  elongation  to  failure 
is  reduced  by  the  reinforcement.  Fatigue  and  wear  properties  can  be  improved  in  MMC. 


5 .  Conclusion 

The  reinforcement  of  metallic  alloys  with  fibres  particulates  or  whiskers  broadens  the 
useability  of  metallic  alloys.  It  is  especially  interesting  in  those  cases  where  extreme 
properties  are  needed,  i.e.  light  weight,  high  temperature  retention,  high  demension 
stability  and  good  wear  properties.  MMC  are  advantageous  for  all  this  purposes.  They 
will  therefore  find  the  application  where  their  superior  properties  are  needed,  regard¬ 
less  their  high  costs.  We  can  therefore  now  ask  the  question:  are  metal  matrix  compo¬ 
sites  a  promising  alternative  to  conventional  alloys?  We  get  an  improvement  in  some 
material  properties,  however,  the  fracture  toughness  decreases  dramatically  and  also 
the  ductility  is  reduced  when  compared  to  the  pure  matrix  metal.  This  means  that  in 
most  applications  fibre  reinforced  metals  can  not  be  an  alternative  to  conventional 
alloys.  They  will  only  be  used  there,  where  the  conventional  metals  have  reached  their 
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ultimate  and  further  improvement  ia  needed.  Processing  of  metal  matrix  composites 
seems  in  the  next  future  not  to  be  as  cheap  as  processing  of  unreinforced  metals. 
Therefore,  also  this  problem  has  to  be  solved. 

One  of  the  superior  properties  of  metal  matrix  composites  is  their  high  temperature 
retention.  In  a  first  view,  when  only  compared  to  the  pure  metal  MMC  seems  to  be  a 
good  solution  for  future  development  and  application.  However,  one  has  to  take  into 
account,  that  polymers  are  currently  under  development  with  a  temperature  stability  up 
to  400°C .  That  means,  that  fibre  reinforced  polymers  will  compete  for  the  substitution 
of  metals. 

The  chemical  reaction  between  fibre  and  matrix  during  processing  or  high  temperature 
application  has  yet  not  being  solved  in  all  cases.  Furtheron,  the  wetting  conditions 
of  the  fibres  especially  during  cast  processing,  and  the  not  finally  answered  question, 
do  we  need  a  strong  or  a  weak  bond,  needs  further  work  on  the  boundary  and  fibre  sur¬ 
face  coating  problems.  It  therefore  seems,  that  the  final  conclusion  about  the  future 
of  metal  matrix  composites  can  only  be: 

1.  Metal  matrix  composites  have  a  future  for  potential  application. 

2.  They  can  substitute  the  conventional  alloys  only  in  those  cases,  where  there 
specific  properties  are  superior  to  conventional  metals. 

3.  Metal  matrix  composites  are  in  general  too  high  in  cost.  This  means,  that  cheaper 
processing  techniques  have  to  be  developed.  The  availability  of  cheaper  reinforce¬ 
ment  fibres  seems  also  to  be  necessary. 

4.  Fibre  reinforced  metals  1  a  great  potential  and  variability  in  their  properties. 
However,  to  realize  the  properties  in  a  part  or  a  structure  further  development 
work  has  to  be  done.  Fibre  reinforced  metals  are  therefore  extremely  interesting 
for  scientific  work.  Their  economic  success  still  lies  in  the  future. 


The  authors  give  their  gratitude  to  the  colleauges  Dr.  Dudek  and  Dr.  Fritscher  for 
helping  preparing  the  manuskript. 
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Tables : 

Table  1:  Mechanical  properties  of  various  types  of  fibres. 
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of  Temperature 
[*C] 
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8erghof 
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15 
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180 
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1 

1 
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3.1 


Tokamax 


Tokai- 

Carfcon 
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1200 


A120, 
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a- coefficient  thermal  extension 
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Table  2:  Matrix  metals  for  MMC . 


Density 
[ g/cm 1 | 

Melting  point 
['Cl 

-  Low  Oensity  Metals 

Aluminium 

2.7 
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Magnesium 

1.8 
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Titan 

4,6 
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-  High  Melting  Point  Metals 

Nickel 

8,9 

1453 

Superalloys 

^  8 

'v  1400 

M. 
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Table  3:  Chemical  compatibility  between  SiC-fibres  and  various  matrix  metals,  after 
A.P.  Majidi  (11 . 
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0 
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O 

A 
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A 

A 

A 

A 

A 
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O 

O 

A 

A 

Mo 

O 

O 

O 

O 
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O:  No  reaction.  A:  Reaction  layer  aad/ar  edfe  roofbcaiog. 

*:  Filament  vanished.  Observed  with  optical  auaoacopa  (x  10001 


Table  4:  Mechanical  properties  of  various  matrix  metals. 


Alloy 

Density 

tg/cm3 ) 

Tensile 

strength 

tN/mm2] 

Elastic- 

Modulus 

IGPa] 

Fracture  strain 

(%] 

AL 

IIOO 

2,71 

90 

69 

45 

202  4 

2,77 
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73 

20 

6061 

2,71 
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69 

16 

7075 

2,8 
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72 

8 

MG 

AZ  6  3A 

1,82 
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45 

5 

TX 

T16A14V 

4,6 
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26 

Table  5:  Mechanical  properties  of  some  selected  metal  matrix 
composites  at  RT; 

a)  unidirectional  strength,  in  fibre  direction, 

b)  transverse  tensile  strength,  normal  to  fibre  direction. 


a)  Unidirectional,  in  fibre  direction 


MMC 

Density 
lg/cm3 ) 

Fibre  volume 
content 

Tensile  strength 
[N/mm2  J 
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Modulus 

(GPaJ 

Fracture  strain 
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48 
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0,5 
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SO 
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C+Al 

2,1 

.  . 

70 
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2  50 

0,5 

C/Mg 
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70 
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0,9 

C/Cu 

5,2 

52 

1  100 
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0,8 

FP/A1 

3,2 

50 
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200 

FP/Mg 

2.8 

50 

520 

200 

0,3 

b)  Unidirectional,  transverse  fibre  direction 
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8/T1 
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50 
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50 
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70 

lOO 

0,24 

Polymer  Matrix  Metal  Matrix 

Composites  Composite* 


Ceramic  Matrix 


Specific  Modulus 

Fig.  1:  Specific  properties  of  various 

quasi  isotropic  fibre  reinforced 
composites  compared  to  selected 
metallic  materials. 
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Fig.  2:  Maximum  service  temperatures  of 

various  polymer-,  metal-  and 
ceramic-matrix  composites 
(after  A.P.  Majidi  [1] ) . 


V  (Cubusl 


Fig.  3a:  Distance  and  distribution  of 
defects  in  a  bulk  volume 
(cube)  at  a  given  defect 
density  (schematically, 
after  G.  Ibe  et  al.  [8]). 


Fig.  3b:  Defect  distance  in  a  fibrous 

volume  at  the  same  defect  den¬ 
sity  as  in  Fig.  3b  (schemati¬ 
cally,  after  G.  Ibe  et  al.  (8]) 


Fig.  4:  Squeeze  casting  (schematically, 

after  A.P.  Majidi  [1] ) . 


Fig.  7:  Transmission  electron  micro 

graph  of  a  fibre/matrix  boun¬ 
dary.  Fibre  coating  by  CVD  [13] 


Scanning  electron  micrograph 
of  a  hot  isostatically  pressed 
SiC/Ti-composite  [14] . 
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Fig.  12:  Specific  tensile  strength  ver- 
sua  temperature  for  various 
fibre  reinforced  composites, 
after  T.  Hayashi  [19]  . 
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Mechanical  properties  of  fibre  reinforced  metals. 

a)  stress  strain  diagram  of  unidirectional  FP/A1. 
Influence  of  direction  of  loading  [20] . 

b)  Fatigue  behaviour  of  Al-3.5  %  Cu  alloy  with  and 
without  <5 -A1203  fibres  and  2014  alloy  with  and  without 
a-SiC  particles  [21] . 

c)  Wear  resistance  of  SiC-whisker  reinforced  aluminium 
compared  to  unreinforced  alloys  [22]  . 

d)  Temperature  dependence  of  the  tensile  stress  of 
fibre  reinforced  aluminium  [23] . 
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SUMMARY 

Recent  developments  in  magnesium  alloy  technology  for  aerospace  applications  are  reviewed.  Most  of 
the  current  requirements  are  met  by  cast  alloys  and  two  new  alloys  have  been  introduced;  WE54  for  high 
■temperature  applications  up  to  300*0,  and  high  purity  AZ91  with  improved  corrosion  resistance. 

Improvements  in  casting  technology  permit  the  manufacture  of  more  complex  castings  with  wall  thicknesses 
as  low  as  3.5  mm.  A  new  polyimide  coating  has  been  developed  for  gearbox  casings  which  resists  attack  by 
lubricating  oils  at  temperatures  over  200°C.  Rapidly  solidified  magnesium  alloys  are  at  an  early  stage  of 
development,  but  their  potential  is  illustrated  by  the  improvements  in  mechanical  properties  and  corrosion 
resistance  which  have  been  obtained.  The  new  rapidly  solidified  alloy  EA55RS  is  reported  to  have  a  0.23 
proof  stress  of  435  MPa,  a  UTS  of  472  MPa,  13%  elongation  and  a  corrosion  rate  in  salt  spray  of  8  mils/year. 


1  INTRODUCTION 

The  low  density  of  magnesium  alloys,  about  two  thirds  that  of  aluminium  alloys,  makes  them  attractive 
to  the  Aerospace  industry  as  weight  saving  materials.  Most  of  the  current  applications  for  magnesium 
alloys  in  aerospace  are  in  sand  castings;  typically  in  gearboxes  cases,  cockpit  canopy  frames,  under¬ 
carriage  wheels  and  engine  compressor  housings^.  There  are  a  few  components  which  are  forged,  including 
some  undercarriage  wheels,  but  magnesium  alloy  sheet  and  extrusions  are  not  used. 

In  the  1950s  and  1960s  the  use  of  magnesium  alloys  in  airframes  and  missiles  was  more  widespread^. 

For  example,  thin  sheet  was  used  for  fuselage  and  wing  skins,  and  extrusions  were  used  in  cabin  floors  and 
missile  bodies.  However,  corrosion  problems  were  often  encountered  and,  although  in  some  cases  they  could 
have  been  avoided  if  the  correct  precautions  had  been  taken,  the  use  of  magnesium  alloys  in  these 
applications  was  discontinued. 

The  specific  strengths  of  wrought  magnesium  alloys  are  not  as  great  as  those  of  wrought  aluminium  aLloys. 
Nevertheless,  because  cf  their  low  density,  weight  savings  can  still  be  made  by  using  magnesium  alloys  in 
regions  where  minimum  thickness  is  the  design  criteria  or  where  buckling  resistance  is  required  at  low  to 
moderate  loads3.  In  certain  cases,  magnesium  alloys  were  chosen  on  technical  grounds,  but  because  of  the 
fall  in  demand  during  the  1960s,  small  quantities  could  not  be  obtained  economically  and  aluminium  alloys 
had  to  be  used  instead3.  More  often,  however,  concern  about  their  corrosion  resistance  has  limited  their 
wider  use. 

4 

The  inherent  corrosion  resistance  of  magnesium  alloys  is  not  as  good  as  that  of  aluminium  alloys  .  A 
passivating  film  of  magnesium  hydroxide  provides  only  partial  protection  and  is  rapidly  attacked  in  acidic 
and  salt  water  environments.  Furthermore,  the  high  negative  electrode  potential  of  magnesium  alloys  makes 
them  susceptible  to  galvanic  attack  when  they  are  in  contact  with  more  noble  metals,  and  this  has  been  the 
principal  cause  of  cdyrosion  of  magnesium  alloys  in  aircraft  structures. 

Therefore,  it  is  essential  that  magnesium  alloys  are  fully  protected  against  corrosion^*^.  In  the 
United  Kingdom,  the  rules  governing  the  protection  of  magnesium  alloys  in  aircraft  are  set  out  in 
specification  DTD  91 1C7.  Briefly,  the  component  is  first  cleaned  by  fluoride  anodising,  then  chromate 
treated  and  finally  the  surface  is  sealed  with  resin.  To  prevent  galvanic  corrosion,  wet  assembly 
techniques  are  used  with  approved  jointing  compounds  and  joints  are  designed  to  avoid  water  entrapment. 

Even  with  these  precautions,  the  current  use  of  magnesium  alloys  is  generally  restricted  to  more  massive 
components  which  can  be  inspected  easily. 

2  CASTING  ALLOYS 

The  casting  alloys  currently  used  in  aerospace  applications  fall  into  two  groups®*^.  The  main 
requirements  are  met  by  a  range  of  alloys  containing  rare  earth  metals  or  thorium,  which  are  grain  refined 
with  zirconium.  These  alloys  have  excellent  casting  properties  and  they  can  be  welded  easily.  A  low 
melting  point  eutectic  at  the  grain  boundaries  suppresses  microporosity  during  solidification  and  any 
porosity  which  does  form  is  parallel  to  the  surface,  so  that  castings  are  pressure  tight. 

Alloys  in  this  group  include  ZE41  and  ZH62.  These  are  medium  strength  alloys  which  retain  their 
properties  to  about  150°C.  ZE41  is  the  most  common  sand  casting  magnesium  alloy,  and  is  used  in  gearbox 
castings  and  cockpit  canopy  frames.  EZ33  and  HZ32  have  lover  room  temperature  strength  but  have  good  creep 
strength  up  to  250®C  and  350°C  respectively.  The  tensile  properties  of  Mg-RE-Zr  alloys  are  increased  by 
the  addition  of  silver;  QE22  and  QE21  are  high  strength  magnesium  alloys  containing  silver  which  are  used 
in  applications  up  to  200*0.  The  composition  and  tensile  properties  of  these  alloys  are  shown  in  Table  1. 

A  hydriding  process  can  be  used  to  increase  the  tensile  properties  of  the  Mg-Zn-RE-Zr  alloys.  The 
alloy  is  solution  treated  in  a  hydrogen  atmosphere  so  that  the  rare  earths  in  the  eutectic  phase  are 
converted  into  rare  earth  hydrides  and  the  zinc  diffuses  into  the  grains  where  it  forms  a  strengthening 
precipitate  on  subsequent  heat  treatment.  The  alloys  are  easily  cast  and  welded  prior  to  hydriding.  ZE63 
has  been  used  in  thrust  reverters,  but  its  application  is  limited  to  castings  with  fairly  thin  sections 


A, 
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because  of  the  slow  penetration  rate  of  the  hydrogen  (6-10  nan  in  24  h  at  480*0  and  latm) .  The  time 
required  can  be  approximately  halved  if  a  pressure  of  2.5  atm  is  used®. 

As  the  operating  temperatures  of  engines  become  hotter,  magnesium  alloys  with  improved  elevated 
temperature  properties  are  needed.  A  new  alloy.  WE54 ,  containing  yttrium,  haB  been  developed  by 
Magnesium  Elektron  Ltd  to  meet  this  requirement**1®.  The  nominal  composition  is  5.25X  Y,  3.5%  rare 

earths  and  0.4-0. 5%  2r  (all  compositions  are  given  in  wt  %) .  Pure  yttrium  iB  expensive  and  to  reduce  the 

cost,  a  mixture  containing  75%  Y  and  25%  rare  earths  is  added.  The  alloy  can  be  age  hardened;  the 

optimum  properties  being  produced  by  solution  treating  for  eight  hours  at  525°C,  quenching  and  then  aging 

for  16  hours  at  250°C. 

At  room  temperature,  the  0.2%  proof  stress  and  the  tensile  stress  of  WE54  are  reported  to  be 
slightly  higher  than  those  of  QE22  (Figure  1),  but  WE54  is  more  stable  for  short  times  up  to  300°C 
Uigur*  .  Tts  tensile  properties  after  1000  hours  at  250°C  are  also  better  than  the  silver  containing 
alloys  (Figure  3),  as  are  its  creep  pru^erties;  t..-  stress  lu  reach  0.2*  strain  1000  hours  at  250°C  is 

reported  to  be  typically  35  MPa,  about  double  that  of  QE22B. 

WE54  is  weldable  and  it  can  be  cast  more  easily  than  the  silver  containing  alloys^.  The  addition 
of  yttrium  has  also  improved  the  corrosion  resistance  of  WE54  in  comparison  with  other  magnesium  alloys11 
(Figure  4),  but  the  correct  procedures  oust  still  be  followed  where  it  is  in  contact  with  other  metals  to 
prevent  galvanic  corrosion. 

Q 

The  second  group  of  casting  alloys  used  in  aerospace  are  the  Mg-Al-Zn  alloys  ;  the  most  common 
being  AZ91,  which  contains  typically  9%  A1  and  0.5%  Zn.  These  alloys  are  used  in  only  a  few  applications. 
They  are  less  expensive  than  the  zirconium  containing  alloys,  but  they  are  more  difficult  to  cast; 
microshrinkage  occurs  and,  consequently,  sand  castings  are  not  pressure  tight.  Their  yield  strengths  are 
not  as  high  as  the  zirconium  containing  alloys  and  they  are  only  stable  to  about  120°C. 

Recently,  a  high  purity  version  of  AZ91,  designated  AZ91E,  has  been  developed  by  the  Dow  Chemical  Co 
and  AMAX  Magnesium1^.  The  alloy  contains  very  low  levels  of  iron,  nickel  and  copper,  which  are  known  to 
have  an  adverse  effect  on  the  corrosion  rate  of  magnesium  alloys1*.  These  elements  are  insoluble  in 
magnesium  and  they  have  more  positive  electrode  potentials.  Therefore  they  form  particles  which  act  as 
sites  for  cathodic  reactions  and  so  increase  the  general  corrosion  rate.  In  AZ91E,  these  sites  have  been 
removed  and  consequently  the  corrosion  rate  is  reduced. 

,  ,  .  14  . 

The  tolerance  limit  of  each  element  was  defined  ,  resulting  in  the  following  specification: 

Fe  0.005%  max,  Ni  0.001%  max  and  Cu  0.03%  max.  A  minimum  of  0.15%  Mn  is  also  added  to  control  the 
tolerance  level  of  iron.  The  corrosion  rate  of  AZ91E  is  reported  to  be  about  a  hundred  times  lower  than 
that  of  standard  AZ91C  in  salt  water  environments 1 1  (Figure  5).  These  improvements  have  been  obtained  in 
gravity  and  pressure  die  castings,  but  care  must  be  taken  to  ensure  that  there  is  no  iron  pick-up  from 
steel  casting  equipment,  otherwise  the  benefits  are  lost1^.  Increasing  the  alloy  purity  has  no  effect  on 
galvanic  corrosion;  a  protective  coating  would  still  be  needed  for  AZ91E  in  aircraft  applications  and  the 
correct  precautions  would  have  to  be  taken  to  avoid  galvanic  corrosion. 

3  DEVELOPMENTS  IN  CASTING  TECHNIQUES 

Fluxless  melting  has  been  used  in  die  casting  for  some  time,  but  its  introduction  to  sand  casting, 
where  metal  temperatures  are  higher,  is  more  recent.  Instead  of  using  a  flux,  based  on  alkali  and  alkali 
earth  halides,  a  protective  atmosphere  of  air,  argon  or  carbon  dioxide  containing  0.5-2%  sulphur 
hexafluoride  is  used  to  inhibit  the  oxidation  of  magnesium  up  to  about  800°C.  Lower  melting  losses  are 
incurred  and  in  combination  with  filter  systems,  the  use  of  fluxless  melting  has  reduced  the  risk  of 
inclusions  becoming  entrapped  in  the  metal®. 

Sand  castings  of  increasingly  complex  shape  are  being  produced  with  the  use  of  cold  setting,  resin 
bonded  sand  for  moulds  and  cores.  The  finish  on  the  cast  surface  and  dimensional  accuracy  are  improved. 
Wall  thicknesses  of  3.5  mm  and  casting  tolerances  of  ±0.5  mm  are  achievable  with  consequent  savings  in 
weight.  Passageways  of  at  least  2  nm  diameter,  for  lubricating  oils  or  hydraulic  fluid,  can  be 
incorporated  into  a  casting  and  these  are  capable  of  withstanding  90  bar  pressure®*1^. 

Methods  for  sand  casting  magnesium  under  low  pressure  are  being  developed.  The  technique  is  already 
in  use  with  permanent  moulds,  but  can  now  be  considered  for  sand  casting  because  o i  the  improvements  in 
mould  and  core  making.  Under  low  pressure,  the  flow  of  metal  into  the  mould  can  be  controlled  more  easily 
than  in  gravity  feeding  so  that  castings  are  more  reproducible  and  their  microstructure  and  properties  are 
more  consistent  across  different  sections.  Running  and  gating  systems  can  be  mac'.e  simpler  so  there  is 
less  turbulence  and  less  metal  is  wasted.  The  technique  is  particularly  suitable  for  producing  thin  wall 
castings  . 

4  A  NEW  PROTECTIVE  COATING  FOR  GEARBOXES 

The  use  of  magnesium  alloys  in  aeroengine  gearbox  casings  has  been  restricted  to  engines  where  the 
operating  temperature  of  the  lubricating  oil  is  less  than  about  f60*C.  Above  this  temperature,  chemical 
breakdown  of  the  oil  to  a  mixture  of  organic  acids  causes  corrosive  attack  of  'the  chromate  based  coating 
on  magnesium  alloys.  A  new  coating  system  has  been  developed  jointly  by  Rolls-Royce  Ltd  and 
Magnesium  Elektron  Ltd,  under  a  contract  sponsored  by  RAE  Famborough,  which  provides  improved  protection 
for  magnesium  alloys  in  systems  where  the  oil  temperature  is  greater  than  200°C^, 

Early  investigations  showed  that  a  resin  sealed  Dow  17  coating  was  more  resistant  to  high 
temperature  oils  than  the  resin  sealed  chromate  pretreatment.  The  Dow  17 pretreatment  is  a  hard 
anodising  process  which  forms  a  thick  abrasion  resistant,  but  porous  coating,  which  must  be  sealed  with 
resin.  Therefore,  different  resins,  epoxy,  phenolic  and  polyimide,  were  applied  to  test-pieces  which  had 
been  given  a  Dow  17  pretreatment  and  they  were  evaluated  in  static  and  flowing  oil  immersion  tests  to  find 
which  system  gave  the  best  protection.  The  alloy  used  in  the  tests  was  EZ33A. 
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The  corrosion  rate  was  monitored  by  measuring  the  magnesium  content  of  the  oil.  After  300  hours  at 
170°C,  the  standard  coating  of  a  chromate  pretreatment  sealed  with  epoxy  resin,  had  broken  down.  All  the 
Dow  17  based  systems  were  unaffected. 

At  225°C,  the  Dow  17/polyimide  coating  showed  no  visible  signs  of  break  down,  although  there  was  a 
slight  increase  in  the  magnesium  content  of  the  oil  after  300  hours  (Figure  6).  The  Dow  17/epoxy  coating 
was  satisfactory  up  to  200  hours,  but  after  300  hours  the  coating  was  damaged  at  the  edges  of  the  test 
piece. 


In  the  flowing  oil  impingement  tests,  the  conventional  chromate /epoxy  coating  blistered  after 
50  hours  at  225°C,  but  the  systems  based  on  the  Dow  17  pretreatment  showed  little  change  after  150  hours 
at  this  temperature.  After  250  hours  the  phenolic  resin  system  blistered,  followed  by  the  epoxy  system 
after  300  hours.  The  polyimide  system  showed  no  visible  signs  of  attack  after  350  hours. 

The  noKimiH®  sealed  Dow  17  crating  can  thus  be  consMered  for  future  gearb'  .  opplicaticus .  The 
Dow  i7  anodic  pretreatment  has  excellent  throwing  power  and  therefore  it  should  be  possible  to  achieve 
s  actory  coatings  in  complex  castings  with  internal  passageways. 

Good  protection  was  also  obtained  in  elevated  temperature  salt  spray  corrosion  tests,  indicating 
that  the  Dow  17/polyimide  system  is  also  suitable  for  protection  in  high  temperature  environments  other 
than  gearboxes. 

5  RAPIDLY  SOLIDIFIED  MAGNESIUM  ALLOYS 

Further  development  of  magnesium  alloys  by  ingot  metallurgy  is  limited  by  the  structure  of  the  phase 
diagram  in  many  magnesium  alloy  systems.  The  strong  electropositivity  of  magnesium  favours  compound 
formation  rather  than  solid  solutions  and  even  when  the  size  factor  is  favourable,  the  solid  solubility  of 
many  elements  in  magnesium  is  less  than  IX.  To  overcome  these  restrictions,  and  so  widen  the  range  of 
alloy  development,  attention  is  now  turning  to  rapid  solidification  technology.  The  microstructural  and 
constitutional  changes  which  arise  from  rapid  solidification  can  lead  directly  to  improvements  in  the 
properties  of  magnesium  alloys ^“21, 

Firstly,  the  mechanical  properties  can  be  improved.  The  specific  strengths  of  magnesium  alloys  are 
not  as  high  as  those  of  aluminium  alloys,  partly  because  the  response  of  magnesium  alloys  to  age  hardening 
is  not  as  good.  Using  rapid  solidification,  precipitates  can  be  distributed  more  finely  and  in  greater 
volume  fractions  to  increase  strength.  Also,  the  grain  size  can  be  made  smaller  and  stabilised  with 
intermetallics  to  improve  strength  and  ductility. 

The  mechanical  working  of  magnesium  alloys  is  difficult  because  of  the  limited  number  of  slip 
systems  in  the  hexagonal  lattice.  At  room  temperature,  only  three  slip  systems  are  available,  those  on  the 
basal  plane  in  the  <11 20>  directions,  but  twinning  can  also  occur  on  the  pyramidal  {1012}  planes.  Twinning 
only  takes  pLace  when  compressive  stresses  are  parallel  to  the  basal  plane  or  when  tensile  stresses  are 
perpendicular  to  it.  Since  extrusion  and  rolling  of  magnesium  alloys  at  low  temperature  aligns  the  basal 
plane  parallel  to  the  extrusion  and  rolling  directions  respectively,  then  the  compressive  yield  stress  of 
magnesium  alloys  is  usually  lower  than  the  tensile  yield  stress.  The  effect  can  be  reduced  by  decreasing 
the_grain  size,  and  also,  above  about  225°C,  additional  slip  systems  begin  to  operate  on  the  pyramidal 
{1011}  planes,  thus  making  mechanical  working  easier.  In  rapidly  solidified  magnesium  alloys,  because  the 
grain  size  can  be  made  smaller,  twinning  is  suppressed  and  the  compressive  yield  stress  is  increased. 
Furthermore,  if  extended  solid  solutions  are  produced,  containing  elements  which  decrease  the  axial  ratio 
of  the  hexagonal  lattice,  then  prismatic  slip  becomes  easier  and  mechanical  working  is  improved22 . 

It  was  mentioned  earlier  that  the  corrosion  resistance  of  magnesium  alloys  is  poor  because  the 
naturally  forming  hydroxide  film  on  the  surface  gives  only  partial  protection.  By  using  rapid 
solidification,  it  may  be  possible  to  produce  extended  solid  solutions  containing  elements  which  cause  a 
more  protective  film  to  form,  thereby  improving  the  corrosion  resistance. 

Most  of  the  standard  techniques  of  rapid  solidification  have  been  applied  to  magnesium  alloys, 
including  inert  gas  atomisation,  the  rotating  electrode  process,  melt  spinning  and  twin  roller 
quenching1*-21.  Because  of  the  reactivity  of  magnesium  alloys,  the  use  of  a  controlled  atmosphere  is 
essential  to  minimise  oxidation  of  the  powder  particles.  The  volatility  of  magnesium  also  make  it 
difficult  to  obtain  the  required  superheat  when  the  liquidus  temperature  is  high  or  if  the  dissolution  rate 
of  the  alloying  elements  in  magnesium  is  low.  Consolidation  is  done  by  extrusion  rather  than  sintering; 
the  greater  amount  of  shear  in  extrusion  helps  to  break  up  the  oxide  layer  around  each  particle  and  promote 
metal  to  metal  bonding.  The  usual  extrusion  temperature  for  magnesium  alloys  is  between  300  and  450°C,  but 
rapidly  solidified  alloys  are  usually  extruded  at  less  than  250°C  to  retain  the  metastable  microstructure. 

The  rapid  solidification  of  magnesium  alloys  is  at  an  earlier  stage  of  development  than  that  of 
aluminium  alloys.  Much  of  the  work  has  concentrated  on  constitutional  and  microstructural  changes,  but  in 
this  section,  discussion  will  be  limited  to  developments  where  improvements  in  engineering  properties  have 
been  reported. 

Improvements  were  first  obtained  by  rapidly  solidifying  alloys  that  were  commercially  available.  For 
example,  Isserow  and  Rizzitano23  prepared  powder  of  the  conmercially  available  ZK60  alloy  using  the  rotating 
electrode  process.  The  powder  was  cold  compacted  and  extruded  at  room  temperature,  65°c  and  120*C,  using 
an  extrusion  ratio  of  10:1  in  each  case.  Samples  were  then  heat  treated  at  120*C  and  150aC.  The  best 
combination  of  strength  and  ductility  was  obtained  using  an  extrusion  temperature  of  65®C  (0.2X  proof  stress 
395  MPa,  UTS  420  MPa  and  elongation  14X).  The  improvement  in  strength  compared  with  a  conventionally 
processed  ZK60  alloy  was  explained  by  the  smaller  grain  size,  a  finer  dispersion  of  intermetallics  and  the 
combination  of  cold  work  and  recrystallisation. 

However,  the  fracture  surfaces  of  tensile  specimens  were  fibrous  and  showed  delaminations,  indicating 
that  the  transverse  properties  may  have  been  poor.  Flemings  and  Mortensen2^  prepared  melt  spun  ribbon  of 
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ZK60  alloy  and  shoved  Chat  the  amount  of  shear  taking  place  with  an  extrusion  ratio  of  10:1  was 
insufficient  to  fully  consolidate  this  alloy.  Using  an  extrusion  ratio  of  30:1  and  a  temperature  of  2lO°C, 
consolidation  was  improved  and  the  fibrous  fracture  was  replaced  by  a  ductile  one.  The  tensile  properties 
were  again  better  than  conventionally  processed  ZK60  alloy;  a  yielu  stress  of  365  MPa,  a  UTS  of  388  MPa  and 
an  elongation  of  19.6%  were  reported. 

25 

Meschter  examined  the  properties  of  Mg-10%  Al  and  Mg-12.5%  Al-1.5%  Si  alloys  made  by  twin  roller 
quenching  and  extrusion  at  230®C-250°C.  These  alloys  contained  a  greater  percentage  of  aluminium  than  in 
conventional  alloys.  The  grain  size  of  the  rapidly  solidified  Mg-lOZ  Al  alloy  was  7  to  10  times  smaller 

than  in  conventional  alloys  and  that  of  the  Mg-12.5Z  Al-1 ,5Z  Si  alloys  was  further  reduced  by  a  factor  of 

4.6.  The  Mg-IOZ  Al  alloys  were  solution  treated  and  aged  at  100°C,  140°C  and  180°C,  and  at  100°C  and  140°C 
following  a  2Z  stretch.  The  highest  strengths  were  obtained  in  the  stretched  specimens;  for  example  after 
stretching  2X  and  aging  for  64  hours  at  140°C,  a  yield  stress  of  351  MPa,  a  UTS  of  430  MPa  and  an 

elongation  of  3.8Z  were  obtained.  The  smaller  grain  size  encouraged  discontinuous  precipitation  at  grain 

boundaries  rather  than  continuous  precipitation  within  the  grains  but  a  2Z  stretch  increased  the  volume 
fraction  of  continuous  precipitate  and  so  improved  the  tensi’e  properties,  a  higher  yield  stress  was 
obtained  in  the  silicon  containing  alloy,  but  the  elongation  was  only  1.4Z. 

In  the  examples  given  above,  specific  strengths  have  been  obtained  which  are  comparable  with  high 
strength  aluminium  alloys.  Alloys  from  the  magnesium-lithium  system  are  also  attractive,  not  only  because 
of  their  low  density  (1.35-1.56  gcm“^) ,  but  also  because  the  addition  of  11Z  Li  changes  the  hexagonal 
structure  of  magnesium  to  a  body  centred  cubic  structure  which  can  be  cold  worked.  Although  the  Young's 
modulus  of  these  alloys  is  only  44  GPa,  their  specific  stiffness  is  very  high.  However,  the  conventional 
alloys  such  as  LA141  and  LA91  have  low  strength  because  of  a  large  grain  size  and  a  lack  of  effective 
precipitation  or  dispersion  hardening  mechanisms.  By  rapidly  solidifying  a  Mg-9Z  Li  alloy  containing  1Z  Si 
or  1%  Ce,  Meschter  and  O'Neal^  introduced  a  fine  dispersion  of  intermetailics  into  the  microstructure 
which  reduced  the  grain  size  by  a  factor  of  10-30.  The  microstructure  of  as-cast  flake  coarsened  at  300°C, 
but  by  using  extrusion  temperatures  less  than  200°C,  the  yield  strength  of  a  Mg~9%  Li-1%  Si  alloy  could  be 
made  60Z  higher  than  that  of  a  Mg-9Z  Li  alloy  made  by  ingot  metallurgy^ , 

There  have  been  few  attempts  to  improve  the  corrosion  resistance  of  magnesium  alloys  using  rapid 
solidification.  Kruger  et  alz/  made  a  systematic  study  of  a  number  of  binary  magnesium  alloys  containing 
Al,  Ca,  Li,  Si  and  Zn  made  by  melt  spinning.  Only  aluminium  had  a  beneficial  effect;  the  corrosion  rate  of 
a  ribbon  containing  40%  Al  was  about  a  quarter  that  of  the  pure  magnesium  standard. 

Akavipat  et  al^*^  implanted  iron  and  boron  ions  into  the  surface  of  magnesium  alloys.  Typically, 
the  corrosion  current  for  implanted  samples  was  a  factor  10  smaller  than  in  unimplanted  samples.  Iron 
usually  has  a  detrimental  effect  on  the  corrosion  rate  of  magnesium  alloys  because  it  forms  particles  which 
are  sites  for  cathodic  reactions.  This  illustrates  that  when  an  element  is  forced  to  remain  in  solid 
solution,  using  rapid  solidification,  its  effect  on  the  corrosion  rate  of  magnesium  can  be  quite  different. 

If  rapidly  solidified  magnesium  alloys  are  to  be  accepted  in  aerospace  applications  then  any 
improvements  in  mechanical  properties  must  be  accompanied  by  improvements  in  corrosion  resistance.  An 
attractive  combination  of  these  properties  has  been  achieved  in  rapidly  solidified  Mg-Al-Zn-Rare  Earth 
alloys,  developed  by  Allied-Signal  Inc.  Initially,  the  effect  of  Ce,  Pr,  Y  and  Nd  additions  on  the 
properties  of  rapidly  solidified  Mg-Al-Zn  alloys  was  studied^.  Thin  ribbon  was  prepared  by  planar  flow 
casting  or  melt  spinning  and  then  comminuted  to  powder  and  extruded.  The  microstructures  of  the  as  cast 
ribbons  containing  Ce,  Pr  or  Nd  were  cellular;  grain  size  and  cell  size  were  typically  0.36-0.7  pm  and 
0.09-0.34  pm  respectively. 

Two  compositions  were  selected  by  Allied-Signal  Inc  for  further  development;  a  Mg-5Z  Al-5%  Zn-4.9Z  Nd 
alloy  designated  EA55RS,  and  a  Mg-5%  Al-5%  Zn-5.9%  Y  alloy  designated  EA65RS31.  Development  of  EA55RS  is 
also  being  undertaken  in  the  UK  by  Magnesium  Elektron  Ltd. 

31  32 

Preliminary  test  results  have  been  reported  *  (Table  2),  which  show  that  the  yield  stress  and 
tensile  stress  o^  the  alloys  are  greater  than  those  of  conventional  magnesium  alloys  (Figure  7).  EA65RS  is 
the  stronger  of  the  two  alloys,  but  EA55RS  is  more  ductile.  In  the  as-extruded  condition  the  fracture 
toughness  of  both  alloys  is  low,  but  it  can  be  improved  in  EA55RS  by  a  T4  heat  treatment,  with  an 
accompanying  reduction  in  strength^.  The  low  fracture  toughness  in  the  as-extruded  condition  is  caused  by 
brittle  particles  which  dissolve  during  subsequent  heat  treatment.  Unlike  conventional  alloys,  the 
compressive  yield  strengths  of  these  alloys  are  about  the  same  as  the  tensile  yield  strengths  because  of  the 
small  grain  size^. 

The  densities  (p)  of  EA55RS  and  EA65RS  are  1.94  and  1.92  gem  ^  respectively.  Their  specific  strengths 
are  thus  higher  than  those  of  conventional  aluminium  alloys  (Figure  6).  The  minimum  weight  criterion  for 

buckling  resistance  is  E*/p,  where  E  is  the  Young's  modulus,  and  hence  the  values  of  E*/p  for  EA55RS  and 
EA65RS  are  10Z-20Z  higher  than  for  aluminium  alloys. 

EA55RS  and  EA65RS  are  also  more  corrosion  resistant  than  conventional  wrought  magnesium  alloys. 

Their  performance  in  salt  spray  corrosion  tests  is  comparable  with  the  high  purity  version  of  AZ91 ;  for 
example  the  corrosion  rate  of  EA55RS-T4  is  reported  to  be  8  mils/year-^.  The  electrode  potentials  of  the 
rare  earth  elements  are  close  to  that  of  magnesium  so  the  intermetallic  particles  d?  not  have  a  damaging 
galvanic  effect.  However,  the  alloys  would  still  need  a  protective  coating  if  used  in  aerospace,  and  wet 
assembly  would  be  required  to  avoid  galvanic  attack  at  metal  to  metal  joints. 

6  CONCLUDING  REMARKS 

The  use  of  cast  magnesium  alloys  to  save  weight  in  aerospace  applications  is  well  established.  The 
introduction  of  WE54  and  AZ91E  has  increased  the  range  of  properties  available  from  cast  magnesium  alloys; 
both  have  better  corrosion  resistance  than  other  cast  magnesium  alloys  and  WE54  has  improved  room  and 
elevated  temperature  tensile  properties. 
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New  casting  methods,  based  on  fluxless  melting,  resin  bonded  sand  and  low  pressure,  have  led  to 
improvements  in  the  overall  integrity  of  castings  and  enabled  more  complex  shapes  with  thinner  walls  to  be 
produced.  By  applying  a  polyimide/Dow  17  coating,  magnesium  alloys  can  still  be  considered  for  gearbox 
applications  where  the  oil  temperature  exceeds  200°C.  These  developments  will  enable  cast  magnesium 
alloys  to  remain  competitive  in  the  future. 

Magnesium  alloy  sheet  and  extrusions  are  not  currently  used  in  aircraft  structures.  Although  their 
specific  strengths  are  less  than  those  of  high  strength  aluminium  alloys,  there  are  applications  where 
they  could  be  used  to  save  weight,  but  concern  about  their  corrosion  resistance  has  prevented  this. 

Improvements  in  the  mechanical  properties  and  corrosion  resistance  of  magnesium  alloys  are  being 
sought  through  the  use  of  rapid  solidification  technology.  The  work  is  still  in  its  early  stages  and  very 
few  alloy  systems  have  been  investigated,  but  already  specific  strengths  greater  than  high  strength 
aluminium  alloys  have  been  obtained  and  corrosion  rates  have  been  reduced.  The  low  density  of  magnesium 
alloys  in  comparison  with  aluminium  alleys  giveo  them  an  idv&ntageous  starting  point  from  which  to  develop 
alloys  with  good  specific  properties.  Further  developments  in  this  area  will  be  of  considerable  interest. 

Magnesium  based  metal  matrix  composites  are  outside  the  scope  of  this  paper,  but  they  too  are  being 
considered  for  future  aerospace  applications.  Before  any  advanced  magnesium  based  alloy  gains  acceptance 
it  will  have  to  demonstrate  that  it  can  give  satisfactory  long  term  service.  During  the  1950s  and  1960s 
magnesium  alloys  gained  a  reputation  for  corrosion  problems,  which  in  some  cases  could  have  been  avoided 
if  better  precautions  had  been  taken.  If  advanced  magnesium  based  alloys  are  put  into  service,  the  correct 
measures  must  be  taken  to  guard  against  corrosion,  so  that,  in  the  long  term,  confidence  in  these  alloys 
can  be  gained.  Provided  these  precautions  arc*  taken,  they  have  the  potential  to  save  weight  in  aerospace 
structures  and  the  opportunities  to  exploit  them  should  be  fully  explored. 
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Typical  Composition  Tensile  Properties 

Alloy  (wt%) 


Zn 

RE 

Th 

Ag 

Zr 

0.2%  PS 

(MPa) 

UTS 

(MPa) 

E% 

ZE41 

4.2 

J.3 

- 

- 

0.7 

135 

200 

3 

ZH62 

5.5 

- 

1.8 

- 

0.7 

155 

255 

5 

EZ33 

2.5 

3.0 

- 

- 

0.6 

95 

140 

3 

HZ32 

2.2 

- 

3.0 

- 

0.7 

85 

185 

5 

QE22 

- 

2.0 

- 

2.5 

0.6 

175 

240 

2 

EQ21 

_ 

2.0 

_ 

1.5 

0.6 

175 

240 

2 

Table  I  Composition  and  tensile  properties  of  cast  magnesium  alloys  (RE  *  rare 
earths).  Tensile  properties  are  specif ication  minima  in  precipitation 
treated  condition  (from  MEL  data  sheet). 
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EA65RS 

460 

515 

5 

- 

47.5 

EA55RS-F 

435 

472 

13 

10 

45.5 

EA55RS-T4 

371 

425 

14 

17 

45.5 

Table  2  Typical  tensile  properties  for  extruded  bar  of  EA65RS31  and  EA55RS32. 
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Minimum  tensile  properties  of  WE54 
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and  other  cast  magnesium  alloys 
(from  MEL  data  sheet). 


Effect  of  temperature  on  tensile  properties  of  UE54  and  QE22  (minimum 
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exposure  at  250°C  on  the  room  temperature  tensile  properti 
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of 


Typical  corrosion  rates  of  WE54  and  other  cast  magnesium  alloys11. 
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Typical  corrosion  rates  of  AZ91C  and  high  purity  AZ91E11. 


Cr/Mn  +  Chromated 


Fig  6  Comparative  performance  of  different  coatings  in  static  lubricant  immersion 
tests  at  225°C  (courtesy  MEL  Ltd). 
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Fig  7  Typical  tensile  properties  for  extruded  bar  of  rapidly  solidified  alloys 
EA65RS  and  EA55RS  and  other  wrought  magnesium  alloys. 


B  Magnesium  Alloys 


Fig  8 


Specific  tensile  stress  for  extruded  bar  of  EA65RS,  EA55RS  and  other 
wrought  alloys. 
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